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I. Introduction
During the period between Oct. 1, 1083 and Sept. 30, 1084 a number of

topics of investigation have been pursued, and several of these have yielded
positive results. Basically, we are studying various wave-plasma interaction
processes towards the understanding of the collective physics of plasmas. The
processes include the mechanisms leading to the generation of millimeter waves
by relativistic electron beams and the mechanisms providing channels for
anomalous absorption of electromagnetic waves. The topics of investigation are
divided into two general categories:

A. wave-plasma interaction near the electron cyclotron (harmonic) resonance;
and

B. wave-plasma interaction not near the resonance.

Most of the significant results have been published or accepted for publication
in several journal papers and preceeding issued papers, and reported at APS
meeting on plasma physics.

In Section II of this report, a description of the work on wave-plasma
resonant interaction at cyclotron harmonics is included. Both processes which
lead to generation of millimeter waves by relativistic electron beams (electron
cyclotron Maser mechanism) or absorption of injected EM waves by relativistic
plasmas are analyzed. Section II gives a brief description of the theoretical
work in the general area of instabilities excited by wave-plasma interactions.
Applications of the theoretical results to problems encountered in the labora-
tory plasmas and the space plasmas are also discussed.

Appendix 1 is a copy of a reprint entitled "Analysis of Electron Cyclotron
Maser Instability" published in the physics Letters A. Appendix 2 is a copy of a
reprint entitled "Oscillating Two Stream Instability of Ducted Whistler Pump"
published in The Physics of Fluids. Appendix 3 is a copy of a reprint entitled
"Excitation of Upper Hybrid Waves by a Thermal Parametric Instability" pub-
lished in the Journal of Plasma Physics. Appendix 4 is a copy of a reprint enti-
tled "Relativistic Adiabatic Trivariants of Electron Motion under ECRH"
accepted for publication in Physics Letters A. Appendix 5 is a copy of a reprint
entitled "Earth's Magnetic Field Perturbations as the Possible Environmental
Impact of the Conceptualized Solar Power Satellite (SPS)" which will appear in
the December issue of The Journal of Geophysical Research. Four proceedings
issued papers:

1. "Modulational Instability of Lower Hybrid Waves";
2. "Ionospheric and Magnetospheric Modifications Caused by the Injected

ULF Waves";

3. "Artificial Ionospheric Disturbances Caused by Powerful Radio Waves";
and

4. "On the Spread F Echoes from the Ionospheric Heated Region".
and a copy of each of the two manuscripts:

1. "A Theoretical Model of Artificial Spread F Echoes"; and
2. "Simultaneous Excitation of Earth Magnetic Field Fluctuations and Plasma

Density Irregularities by Powerful Radio Waves from VLF to SHF Bands"
which have been submitted to Radio Science for publication are also attached at
the end of this report. T
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(3) Conference Papers
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Amer. Phys. Soc., 28(8), 1060, 1983.

2. B.R. Cheo, S.P. Kuo and E. Levi, "Nonlinear Evolution of Electron Cyclo-
tron Maser Instability," Bull. Amer. Phys. Soc., 28(8), 1060, 1983.

3. S.P. Kuo and M.C. Lee, "Thermal Oscillation Two Stream Instability of
Whistler Pump," Bull. Amer. Phys. Soc., 28(8), 1106, 1983.

4. S. Chi and S.P. Kuo, "Superadlabaticities of Electron Trajectory Under
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II. Wave Plasma Interaction Near the Electron Cyclotron (Harmonic) Reso-
nance

(1) Analysis of Electron Cyclotron Maser Instability
In this work a single nonlinear equation which describes the temporal evo-

luation of the field amplitude of the electron cyclotron maser instability is
derived self-consistently. Thus one can expect to directly derive the power
gain, the conversion efficiency and also the dynamic properties of the collective
response of the electron beam to the excited wave fields from this single equa-
tion without relying on particle simulation. Our approach is beginning with
solving the equations of motion of a single electron moving in the wave fields
and then following with averaging the results over the initial electron velocity
distribution to obtain the collective response of electrons to the wave fields.

(1.1) Governing Rate Equations
The motion of electrons in a dc magnetic field and the waveguide mode

fields is governed by a set of coupled nonlinear differential equations:
--P' = Pflm. (1)
dt

d p=-c[n+ - X(-h +I B,) (2)

dl
d' -y -0 . (3)

where t = (l+P 2/m, 2)1/, .= V ii and the wave fields /9 and / inside a circular
waveguide of radius R, are given by

A. TErn mode

B, = B., J. (a.R) cos (me + kz- wt)
Ej = (wla..c) B.o(ma.,.R) J.(a..R) cos (m4 + kz-wt)

E# = (whmac) B.. Jc(a.mR) sin (m4 + kz-wt) (4)

B,, =- (k c1W) E0 and B# = (ke/w)E.,

where am, is the nth root of the equation J,,(a, ,R) = o

B. TAf,,,. mode

E, E,. Jm(a,.nR) cos (mS + k~z-wt)

E, --(k, Eo/,..) Jm(om.R) sin (mo + k~z-wt)

E# - (kE,,/,..) (mA.bR) J,.(am.R) cos (mO + kz-wt) (5)
B. = (w/ke) E# and B0 = (w/kc) E.

where a,,R, is the nth root of the equation J,(a,.,R,) = o
In order to provide some physical inside Into the mathematical procedure

employed to study the problem, we first decompose Eq. (2) into transverse and
* parallel components and write the transverse equation in terms of a complex

variable P- = P,- iPi:

-d-i ~- + +, PB 1- - ~v/B

T- P  C E. + (P.B, - P 1B.)/m.c (7)

where E- = E,- iEv =-'(E,- iE#), B- = B, - i By = c-#(By- B,), Oh l./

6.



So = eBom.c and 0, = cBhmoc.

We now express the transverse components of the electron momentum
(P3 .P,) in terms of the polar coordinates (P,,O). Thus, P, = P4.cosO, PY = PsinO
and P- = P.Le-". Let (R,0,,) be the coordinates of the guiding center of the
electron. As shown in Fig. 1, the spatial coordinates (R,O) of the electron can
be expressed in terms of its guiding center coordinates (R°,O,) and its momen-
tum space coordinates (PLO) as follows

Ro= + - 2RRL cos (7r/2- , + 0)

and

0= -sin'~ [(Ri/R ACOS (0.-O) J= 0-2 + sin- [(R. I?) cos(Oq- 0-) ] (8)

where RL = vL/n - Pon,0 , is the Lamour radius of the electron.

With the aid of the addition theorem of Bessel function:

J(n/) = Z' -
9

{zM XE J.+P(Z) Jg(z ) e

where ii = (Z 2+z 2
- 2Zzcoso,) 1R, and IZ 1>(z) the following results are derived:

J(a,.R) = Xo .Jm+l(amRo) J.amRL) e

(10)
Jm~i~rmnR)= ±im~1)(,-~)+00 i(/-+I

Jm±,(a. R) = C , , E Jmji+9(amuRo) Jp(CamRL) C

In obtaining Eq. (10), we have substituted w=ams, Z=om,,Ro, Z=amnRL and
11=7r/2- 0,+O into Eq. (9), and used the relation

(R, - RL Ie)/(R - RL e) ci(
*

,-

derived from Eq. (8). Although Eq. (10) is the result for Ro>RL case (since
Z J> Iz is required for Eq. (9) to hold), it can be shown that Eq. (10) also

holds for RL >R, case, where Z=amSRL, z=amR°, and

(RL - R. e'')/(RLR° C
- 4) = - 2i(, / -

1+0)

should be employed in Eq. (9).

Although the wave fields (4) and (5) seen by a stationary observer are
simple harmonic at frequency w, the fields and hence the forces seen by the
gyrating electrons consist of an infinite number of frequency components oscil-
lating at w-N'0-kV, (N'= 1,2,3...). Thus, if the wave frequency w is near one
of the Doppler shifted harmonics, i.e., w - No + k,t,, the N' = N term becomes
the slowest term and has the dominant influence on the orbit evolution.
Including only this term in (6), we may first define a self-consistent trajectory,
prior to express (6) explicitly, as RL = RL(i) and

t

o = Oo + I,(t) + f n(V) dl'

where RL(t) and 4(t), to be determined self-consistently, are the time depen-
dent Larmour radius and phase varying slowly due to the presence of this
slowly time varying force. We next substitute these relations and the fields (4)
or (5) into (6), (7) and (3), and then drop all fast oscillating terms. With the
aid of (10) and the relation

-'_~~................. -
"

." .- .:F .' ,m . . .. dm,.e.m~lta :. ,.',u ,.-,..,-- ,a. .,
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Fig. 1 Relationship between (R, rp), (R , T ) and (R L ),
which represents the transverse spatial coordinates,
guiding center coordinates, and the momentum space
coordinates of the electron, respectively.
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+ 0
*400

exp (ia sin E) = J(a) exp (iw)

Two sets of self-consistent governing equations for the slowly varying functions
-1, RL, * and v, are derived for wave fields of TEM. mode and Thf,, mode,
respectively, as follows:

A. TEn3 mode

d
a = a,(w-k.v,) J4 (a) cost, (11)

d r
d Wii+aJ.(a) sin 4, right] a, (wo- k,,v,) it,(2

-y = La, 0 M e4'(3d ' = at(f o w/ aYc2 ) aJ( ) cos¢. (13)

v = - a, k,,.k a ) (k~v. - k1 ) [aJg(a) I Cos 4, (14)

where

a = amRL. 4, = (m-N)Oo- f Awdt + N(4++Oo+r/2) + k zo + r/2,

Aw = tw Nil kv,. and a, = ()N (B2 /B,) Jm-l N(amnR.).

B. TM,, mode

d a = a,(I- wk, V./k2 c2 ) (Na) JN(a) cos4. (15)

dd m ' = Aw- a. (1- wkV,/#€ c 2) (N/) Jj(a) sinb. (16)

d TtI= - am(O .1kc') Iv,-(kNO/a~, ] Jp~a) COS' (17)

v= - am(O 1. (wu / )(- , JNa Cs m

where

m = <D- ir/2 and am = (- )v(kzeEAflfl .) Jmxp(am,,Ro)

First, we shall derive two invariants from each set of governing equations.
From Eqs. (11), (13) and (14), by taking their relative ratios to cancel out
Jtj(a) cos4,, two invariants are obtained for TEM. mode case:

kv, - kzvz,.= (k,2 c2/w - kv,) (1-0y,/) (19)
(0 .Ae)2  (a - a) = ("t-"y° k~v2 .v) 2 - "yd (1- k.v2 o): - (k.cv) 2 ("t-"yo) 2  (20)

with the aid of (19), we can express aw for TE,, mode case to be

I. = Aw, + (W.-kC2 AV) ('Y-"I)/ h (21)

where Aw° = w- w. and w. = Nil Oho + kv,,

Similarly, from the relative ratios of Eqs. (15), (17) and (18), two invari-
ants for TMm, mode case are obtained to be

* lv--l,4 , -,+,Y~v,- 2kN0 02 ] c 2 (,Y) [y+,o- 2 No 0 W/4, 2 
C2 (22)

7-. = [k,Iv.- -1.ov.,) + (0 012N) (a2-a2) ],v (23)

II

• . . ... ,..- -.... , -.. . :.. • : . ... . ... . .,* ,. .- ...* ' , .. ,.,. .,. ,
t*,l( * --i': " . . . . . . ..':' " """. . .. " ""' " -1 " i i i i I I i i i i 
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With the aid of (22), AW, for TM,, mode case, can be expressed to be
Aw &,W. +W.(,-,.)/ h+(- o) {'Iwj +(k 2 o2 h) -2 o 1.)y+-C2Nf, 0t)v4 '11 ,}

Awo+I.- 1 /2(k,2c'/tv) (-I+"Io- 2Nn ow/4,e)1 ('y-'yo)/" (24)

where

w, = kv 2o- (k /I,)(No oho)

and
2Ch2 (_,_Y-) W/,2 2

w >> (k2 %-)y) ('y+-Y0-2Nol

is assumed.

In the above, we have derived two sets of governing rate equations (11)-
(14) and (15)-(18) for describing the behavior of the electron beam inside a
circular waveguide in the presence of electromagnetic fields of TEu mode or
TMm. mode respectively. In order to close the system of equations, it is neces-
sary to include a field equation that takes into account the effects of the dynam-
ical properties of the medium on the field. Since the purpose of this work is to
derive a single nonlinear equation for describing the temporal evolution of the
field amplitude of the electron cyclotron maser Instability, the field equation
used for the present analysis is the energy conservation equation:

n, mc <-y > + (c/167r) - E2 = 0 (25)

where n. is the electron beam density averaged over the cross-section of the
guide, <> stands for an average over the initial random phase distortion of
the electron beam, and E, = (W/am c)B,o and

(i+k 2% 2A) {[i-(m-1)2 /a2.Rw] JM2_i(anRw) + [l-(m+l)2 b2,R 2] J2+1(amnRw)}

+ (amn/w) 2 [1.m./a .R , ]J1 (a,, 8Rw)

for TE,. mode and E, = E., and
2 (k/m)(,+W2/k.2C2)[ '  , -_ +

= Jz(+w~_/)['i(acmRw) + J,2+j(a,,Rw) ] + J'(a,,Rw)

for TMm, mode. Equation (25) is then Integrated, the result is

S-Y) (/167r) [E()- E(o) (2)

1.2. ANAL YSIS

In the present analysis, the effect of depletion of the rotational free energy
of the electrons by the unstable waves will be assumed to be insignificant, Eo(t)
and 0(t) are thus expected to vary with time much faster than other variables
-1, a and v, in (11)-(14) and (15)-(18). Therefore, only two rate equations (12)
and (13) or (16) and (17) from each set of equations, will be employed in the
following analysis. They are further unified into one set of equations expressed

* approximately as
" d

- = -Aw - AE0 sin4 (27)
dt

di =" DE, cos4 (28)

and

Aw =Aw + G("y- 1.) (29)

• - -
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where the notations used for (I) TEn. mode case, are 4 = 4 , G = (w-kz2c 2 A)/,

A - ( )N(a CB./) (lk. v./w) JmN(a nR) d a04(a)1}
T, o,,

and

D = ( I)N (fl 2h-B.a.c) J.N(o,,,,) [J(a0)

fagJN(a) sin 4)9<< 1 is assumed to reduce (12) to (27) and for (ii) nh//... mode
case, are 4) = 4,,,, G=(w°-(k 2/ 1 ) (1-Nn o W /_.a 2.c 2)/.Y,,

A = (- l)N(kc 1B0)(1- Wv.,,/kc) J,_N(a..Ro)(N~ao) J&(a,,)

and
D (- l)N+I(n o/Boc)(v o-k.Nf oha2,,) xJ,. N(a,,,.Ro) N(,o)

y.a, and v. replaced by their initial values -y,, a. and v,, in the coeffmcients A, D
and G is followed by the assumptions that they vary with time much slower
than E.(1) and 4,(t) and the effect of beam energy depletion is insignificant.

We now introduce an average procedure to combine Eqs. (25), (27) and
(28) into a single nonlinear equation for describing the temporal evolution of
the field amplitude E,(t). We first take the average over Eq. (28) and compare
the result with Eq. (25) to establish the realtion:

<cos 4)> - (c/87rnomc 2D) TE° (30)

We next take the average over Eq. (29) and use the relation (26) to obtain

<Aw>=Ao-(G/167rNomoc2) [E.(t) - E(o) ] (31)

Equation (28) is integrated to obtain -y--y,, which is then used to express Aw as
t

Aw = Aw° + GD f E,(t')cos 4)' dt' (32)
0

We now multiply (27) by sin4, and cos, respectively and then take the average
over the resultants, two moment equations are obtained

! d
-<os4)> = Awo <sinl,>+ IAE,,(1- < cos2, >)
dt 2

+1 -GD f dtE,,U) [<sn(4 ±4)> +<sin(4)- ] (33)
0

Td <sin 4> =- hWo< cos > - 2AEo < in2(P >

-
1-G < dlE([Cos (4)+4P)> + <Cos (D- V))> J(34)
dt 0

where we have derived two coupled moment equations which are also coupled
to the higher order moments <cos24)>, sin<24)>, <cos(4)+4')>, and
<sin(4)+(D')>. In principle, a hierarchy of moment equations can be derived in
the similar way, they have, however, to be truncated at certain degree in order
to close the system of equations. This is done by neglecting all those of higher
order moments In (33) and (34). Further, since 4) - V' becomes independent
of the initial random phase In the lowest order term of its expansion, we may
approxImate

<sin(4)-4')> -- sinA4,(I- ') and <cos(4)-4,')> cosA(1- 1') (35)

I



where A4(t-. 1') f <Aw(T)>dr and <Aw> is given by (31).

With those simplifications, (33) and (34) reduce to

d 1 1--<COS4,>ZAw,<sin$)> + -AE0 -- GD f dt'E(t')sinA(P(t-t') (36)dt 2 2

and
d
--<sinwl,>- AWo<COSl,> - -GD f Eo(t')cosA4(t- t') (37)
dt 2

Finally, a nonlinear differential equation for the field amplitude Eo(t) can be
derived by combining (36) and (37) together with the aid of the relation (30),
the result is

d 3  d G E Eo(t)- Eo( o)
dt )( o +E) (t) = ao{i- AW } f dt'Eo( t')cosA4( t- ') (38)

di 327r Awf o o ao o

where Co=47r no "' c2DAA and ao=8r nomoc 2AWo GD 2A.

(2) Relativistic Adiabatic Invariants of Electron Motion under
Electron Cyclotron Resonance Heating (ECRH)

Three adiabatic invariants of the electron motion under electron cyclotron
resonance heating by three differently polarized heater: (1) ordinary mode; (2)
extraordinary mode; and (3) electrostatic mode are derived. These relations
determine the electron trajectory In the phase space and hence provide neces-
sary information on the process of energy transfer between the electrons and
the coherent waves.

2.1. Characteristic Equations

The nonlinear interaction of a single electron with a heating wave of arbi-
trary polarization near a cyclotron harmonic, wdNn is analyzed, where w is the

eB0
wave frequency, 0 =-- = 0,/' is the relativistic electron cyclotron frequency,

" m c

(0 o=eBo/moc, _y=(I+P 2/moC 2 )/ 2 is the relativistic factor, B0 is the background mag-
netic field, P is the momentum of the electron and N is an integer. The rela-
tivistic electron orbit equations are

dt

and

d =_ { +(-P tm, ) X (!I + Bo)] 2dt

where one coupled to the energy equation of the electron

47
•,. . " ." . .i" _' . , - -. . -. . . ." , . --. -. " ' . . -" - - .. , -" - . " "-. . -. '
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d

.c = - ( e/yin,,o) .P (3)

where (N,P) are the spatial and the momentum coordinates of the electron in
the phase space, m is the rest mass, and P and L, the heating wave fields of
arbitrary polarization, have the following general expressions:

rr [2-(k,/k.])tJocos(k.z + kz- wt)

+ 9 (zcos(kjZ + kzz - wt + [) +[+(k/k)2]Eosin(k.Lx + kzz - wt + 0)

= (C/W)-k X P (4)

here k" = k + ik2, Eo, and c, represent the field amplitudes associated with the
ordinary mode, extraordinary mode and electrostatic modes, respectively, and
€, and 0, are the arbitrary constant phases. The collective effect of the plasma
on the wave propagation and polarization is not included in the analysis.

We first decompose Eq. (2) into transverse and axial components. We
next combine the two transverse components together by using the complex
notation P- = P - iP,, and use (3) to simplify the axial equation for P,. The
results are

d[- + i(O + 0 ,)]P = - e(1- kv./w)E- - e(kLv2/w)E (5)
dl

dt P , =-e(-'/w)E, + (kz/,w)mc2 ()

where

E =E - iE,=- (kco/k )cos(kzx+kz-wt) -

and icos( k ±x+kz- wt+k 2 ) +c 5sin( kz Lx+kzz- wt+4o)

~and

fl =eB2 /-Im o C.

Eq. (5) is then integrated formally to be

-if (0''+0i ;)dlt' t if (Q- "+0 11 i'dt

o {p;- ef dl'< (-kvlw)E-(')+(q,l'W)E(ti)]} (7)
0

where P,-=Po,-iPo,= Poe -
, ,= tan-(v,,/v°,) is the initial phase angle of the

electron in velocity space, n':n (t'), n ;=n ,(l'), R"=R(t"), fl '=f2,(t") and
* v'=v2 (It').

Since the wave field 9 itself depends on x and z, i.e., the solution of (1)
and (2), It Is useful to define a self-consistent trajectory prior to expressing (7)
explicitly. Near the cyclotron harmonic resonance, I.e., w NO, only the slow
time varying component of the integral on the RHS of (7) contributes to the
resonance trajectory of the electron. One can then define such a set of self-



consistent resonance trajectory as

] ]
V. Vcoo+(t)+f n'dIt' .v=v.Lin o+*(t))+f n'dt'

x=xo+(V,/ln)

and

z=zo+f vIdt'
0

where v, is assumed to retain only those of slow time varying components, ', is
the self-consistent phase shift of electron gyratron due to the resonance interac-
tion, and *(o)=o. Substituting this set of resonance trajectories into (3), (5),
and (6), the governing equations for the slow-time varying components of the
variables, Iy,v.,v, and I, are derived to be

da= a0(w- k 2vZ/k)(N/a)JN(a)cosv- a(w- kv)J4(a)sin(ON+b) (8)
q

- a~w(N/a)JN(a)sin(ObN+O,)

Tt ON 1:L 11 +a2 JN(ce)cos(ON±0.)] a0 (w- kc v1I)(N~a)J4(ce)sinON()

d

d 2C2o k ) 2--

-, = a(wl ok 2 )(k, NOl Ik.- kkv.)JN (a)

cosON - a(aly)(Q ow/kcC2) J(a)sin(¢N+bx)

- a,(wfl /k2C2 )(No +kv,)JN(a)sin(¢N+O,) (10)

d=...-. q,=-ao(fl o/k 2 )(w- k 2 Nl2 /k )JN

COSON- a2(a/y)(k,12 /k)J(a)sin(ON+Ok3 )

- a.(k.fl wk ) JN(a)sin(ON+--.) (11)

I where

[.".,. . &.-
* -°.. . . . . . . ..... . ... . . ..
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ca=kLvjf ON=N(lo+*)+kLxo+k zo- f l( t') dt' ,&j.=w- Nn - k v, a.=(kf o/wB,)
0

a,=(kce /cwB,) a,=(k e,/wB.)

and JN(ce) and Jg(a) are the Bessel functions of order N and its derivative,
respectively.

2.2. Adiabatic Invariants

We now proceed to derive the adiabatic invariants relations from the
characteristic equations (8) - (11). Since different modes will propagate to
different locations, we hence derive the invariants separately for each mode.
The general procedure to derive the invarlants is by taking the ratio of the two
relevant equations among the four characteristic equations and then integrating
the resultant ratio to obtain each invariant. Three independent combinations
can be made and, hence, three invariant relations for each mode can be
derived. We consider

A. Ordinarily Polarized Heater, i.e., a,=O=a,.
We first take the ratio of (10) to (11), the result is then integrated to be

(-yv.- kNO l/k.) 2- c2('y- No 0k/k-w)2 = const in time = A,, (12)

Similarly, from (8) and (10), yields

I- (w/k2c 2)(k.'yv. + n 0 a2/2N) = const. in time = A0 2  (13)

where A 0 2 is related to A , . The relationship is obtained by substituting (13) into
(12) and using the relation

= +(Q a/k e) 2 + /C)2 = i+P 2 /k 2 C2

the result is

A01=(k 2 /k.)(No /w) [2A+(k2/k2)(wNfl /k 2 cI)-(k 2/k 2)(NC2 /w)] (14)

The last invariant is obtained from (8) and (9) and it is

J(a)sinqO, - (k~kl/k 2
a .a.) .v(k.e2/2No )(l /kc)2c2 (15)

- cont. in time = Ao,

B. Extraordinarily Polarized Heater, i.e., ao=O=a,:

From (10) and (11), we obtain

-y( -v,/k,e 2 ) = const. in time = A 1 , (1)

and then from (8) and (10), and with the aid of (18), yields

"6 ".- :- " . .
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(y-yokv 1 /w)2 -(k. c/w)2 (,1- -y,) 2- (f /kLc )2a 2 = conet. in time = A, 2  (17)

Finally, we take the ratio of (8) to (9) and assume that
(a/N) JNl(a) 1<< IJN(a) I the resultant ratio can then be integrated with the aids

of (18) and (17) to be

[1+ a.JN(a)cos(ON+O.)]

expl(k 2C
2 /2Nfl 2) 2/w)2+(w_/w- ke_/w2)&-y.)2]}

- const. in time.

=A,3  (18)

where wo w - w, and wo = NO /yo+k,v,,

C. Electrostatic Heating Wave, i.e., a,=O=a,

Taking the ratio of (10) to (11) and integrating the resultant ratio, yields

, 2 -(yv,+NO ./k.) 2/c 2 = const in time = A, (19)

next, the result derived from the ratio of (8) to (11) is

a2- 2( Nk 2/kJ 2 ,)tv, = const. in time =A,, (20)

where A, and A, 2 are related as

A, i-(No ,/kC)2 + (l /ke)2 A12  (21)

From (8) and (9) and with the aid of (18) and (20), the last invariant is
obtained to be

JN(a)cos(N+4)+(aO/2N- k4. 2 " /wt ,)/a. const. in time = A, 3  (22)

We, therefore, have shown that the electron trajectory under ECRH is
* governed by three invarlants (12), (13) and (15) with 0-mode heating, (16),

(17), and (18) with X-mode heating, and (19), (20), and (22) with electrostatic
heater. The second term on the LHS of (15) and (22) and the exponential fac-
tor on the LHS of (18) manifests the effect of detuning on resonance interac-
tion. There are two sources of detuning, one Introduced by the motion of the
particle guiding center as is represented by the kv, term and another one comes
from the relativistic effect n=t(t). They are Included in the phase equation
(9) in which the 1w term accounts for the total detuning effect and hence
reflected in the results of invarlants.

If we focus on relativistic detuning effect only and thus set k, = 0, i.e., con-
sidering normal Incident case, the Invarlants for each mode type of heater

[ ',',, ~.. . . . . . , . . , . . -. : - . . ." . .,- .. :. , ., : ... ,.. . . - . - . , . , . , ,
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reduces to:

A. Ordinarily Polarized Heater:

Sv -1v. = 2 (- o)(y+ ,-N,/ 2NO

,y. =(W 1 ,/2Nk 2C2)(a 2 -c4) (23)

and

JN(a)sin0N-("v5 - 'to v°)/V =Ao3

where Vo = Ceo/MW.

B. Extraordinarily Polarized Heater:

,vs=conat. =YoVzo

,-y2_,2=(0 o/k) 2(a2 a- a2) (24)

[1+azJN(C)Cos(ON+,) ]exp{(k c2/2NO 1)(- wowo/)2} = consL in time

Electrostatic Heater:

l"V,
=

O
n s t.= 'Yo VZo

-7 = (n 0 kc )2 (C 2 - ) (25)

JN(a)COS(0N+0,) + (a 2 /2N-w-y/f) o)/at = conal. in time.

III. Instabilities Excited by Wave-Plasma Interaction

(1) Oscillatlng Two- Stream Instability of a Ducted Whistler Pump

A magnetically field-aligned zero-frequency iiode excited together with
two lower hybrid sidebands by a ducted whistler pump Is investigated. The
thermal focusing force is found to be the dominant nonlinear effect on the
excitation of large-scale Instabilities, while the nonoscillatory heating current
overrides the thermal focusing force in the short wavelength region. Our
results show that the thermal instability of whistler waves should be expected to
occur In the ionospheric plasmas in the wave injection experiments performed

• at Siple, Antartica. The excitation of this instability can also be used to explain
.7 the enhancement of air flow and particle precipitation observed during the

powerful VLF transmitter cycle from a Russian station and may possibly be the
cause of the lower hybrid waves correlated with the occurrence of lightning
storms. Further, the proposed Instability may become a potential candidate for

I . :. ; . i- . " :. .i ; ' ... . " ' " . . . . "

• , ,. -- . .- - " . " - ) ". " it " |' " [, * , .' - . . . . . . ..' -* -' -'
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-U heating of fusion plasmas. This work has been published in The Physics of
Fluids.

(2) Excitation of Upper- Hybrid Waves by a Thermal Parametric Instability

A purely growing instability characterized by a four-wave interaction has
been analyzed in a uniform magnetized plasma. Up-shifted and down-shifted
upper-hybrid waves and a nonoscillatory mode can be excited by a pump wave
of ordinary rather than extraordinary polarization in the case of ionospheric
heating. The differential ohmic heating force dominates over the ponderomo-
tive force as the wave-wave coupling mechanism. The heating current at zero
frequency produces a significant stabilizing effect on the excitation of short-
scale modes by counter balancing the destabilizing effect of the differential
ohmic heating. The effect of ionospheric inhomogeneity is estimated, showing
a tendency to raise the thresholds of the instability. When applied to ionos-
pheric heating experiments, the present theory can explain the excitation of
field-aligned plasma lines and ionospheric irregularities with a continuous spec-
trum ranging from metre-scale to hundreds of metre-scale. Further, the pro-
posed mechanism may become a competitive process to the parametric decay
instability and be responsible for the overshoot phenomena of the plasma line
enhancement at Arecibo. This work has been published in The Journal of
Plasma Physics.

(3) Earth's Magnetic FleldPerturbations as the Possible
Environmental Impact of the Conceptualized Solar Power Satellite

The results of this study conclude that the earth's magnetic field can be
significantly perturbed locally by the microwave beam transmitted from the
conceptualized solar power satellite (SPS) at a frequency of 2.45 GHz with
incident power density of 230 W/m 2 at the center of the beam. The simultane-
ous excitation of the earth's magnetic field fluctuations and ionospheric density
irregularities is caused by the thermal filamentation instability of microwaves
with scale lengths greater than a few hundred meters. Earth's magnetic field
perturbations with magnitudes (P a few tens of gammas ) comparable to those
in magnetospheric substorms can be expected. Particle precipitation and air-
glow enhancement are the possible, concomitant ionospheric effects associated
with the microwave-induced geomagnetic field fluctuations. Our present work
adds earth's magnetic field perturbations as an additional effect to those such as
ionospheric density Irregularities, plasma heating, etc., that should be assessed
as the possible environmental impacts of the conceptualized solar power satel-
lite program. This work has been published in The Journal of Geophysical
Research.

(4) A Theoretical Model of Artificial Spread- F Echoes

Our previous work [Kuo and Schmidt, Phys. Fluids, 26, 2529, 19831 on
filamentation instability of EM waves In magnetic-plasmas has shown that the
irregularities excited by the O-mode pump and by the X-mode pump have
different polarization directions. The irregularities excited by the 0-mode
pump are field-aligned and are polarized in the direction perpendicular to the
meridian plane. By contrast, the irregularities excited by the X-mode pump are
polarized in the meridan plane and are, in general, not field-aligned. These
results are realized to agree with the observations on spread-F phenomena dur-

- ing the ionospheric heating experiments, namely, the excitation of differently
polarized Irregularities by differently polarized heater Is responsible for the
different occurrence frequencies of artificial spread-F noticed at Arecibo,
Boulder, and Tromsp. To enhance our contribution to the spread-F problem,
we further developed a theoretical model for artificial spread-F echoes. In this

*,: work, the relationship between the spread-F echoes and the HF wave-induced

.*
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irregularities is studied by the proposed model. The effect of the irregularity
polarizations, scale length, and the geomagnetic dip angle on the spread-F
echoes have been examined. A manuscript has been proposed and submitted
to Radio Science for publication.
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A single nonlinear equation which describes the temporal evolution of the field amplitude of the electron cyclotron
maser instability is derived self-consistently. The results deduced from this nonlinear equation are found to agree well with
those of particle simulation.

- Recently there has arisen the need to develop high-power millimeter and submillimeter wave sources for various
applications in areas including millimeter ., ave radar communication and electron cyclotron heating of magnetical-
11, confined plasma in thermonuclear fusion devices. Conventional microwave devices such as the traveling wave
tube or magnetron rely on a slow wave structure for their operation. Power density as well as voltage breakdown
considerations place a lower limit on the dimensions of the structure. The electron cyclotron maser (gyrotron)
mechanism [1 -41, on the other hand, is through the fast wave coupling (waveguide) to convert the "transverse en-
ergy" of the relativistic electron beam into EM radiation. Moreover, gyrotron operation does not rely on the fine
structure of a waveguide or cavity, and therefore efficient generation of high power millimeter or submillimeter
waves by the new device called gyrotron is possible.

A great deal of the basic understanding of the electron cyclotron maser instability mechanism has been achieved

in previous studies [5-81, though continuous efforts in this area are still needed in order to improve the power
gain, the conversion efficiency, the coherency of the radiation and the new competing mechanisms, etc. In this
work the nonlinear evolution of the electron cyclotron maser instability is studied analytically. Usually there are
two mechanisms which are responsible for saturation of the unstable wave in the maser instability. In the follow.
ing analysis the phase trapping of the gyrating particles in the wave is considered to be the only mechanism for sat- .
uration. This is reasonable if the initial beam energy is assumed to be large enough such that the effect of depletion
of the rotational free energy of the electrons by the unstable wave becomes insignificant. Our approach to the
problet starts with solving the equations of motion of a single electron moving in the wave fields and then follows
with averaging the results over the initial random phase distribution to obtain the collective response of electrons
to the wave fields. It is then found that the temporal evolution of the wave field amplitude can be governed by a
single nonlinear equation which is derived self-consistently.

The motion of electrons in a dc magnetic field and the waveguide mode fields is governed by a set of coupled
nonlinear differential equations:

drldt=Phyrn0 , dP/dt -eIE+c-vX(B+ Bo)1. ,moc 2 dy/dt=-eE-u, (1,2,3) - .

where _ ___

( +p 2 i p c2 )l1 2
, P2 1/2"

and the wave fields E and B inside a guide, simplified to be of plane geometry, are given by

0.375-9601/84/$ 03.00 D Elsevier Science Publishers B.V. 427
(North-Holland Physics Publishing Division)
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'= .,' 1i. -- EoM sil k,,(x a) cos (Ak-z L) -

B = (k:c/W)to(t) sin kn(x a) cos (k,- wt) + i'(kc/w)lEo(t) cos k,,(x a) sin (kzz wt) .

k, = n iT2a is the perpendicular wave number, n = 1, 2, 3... is the waveguide mode number and 2a is the distance
between the two parallel plates.

Although the vave field seen by a stationary observer is simple harmonic at frequency co, the fields and hence
the force seen by the gyrating electrons consist of an infinite number of frequency components oscillating at W ......

.\'2 kzv(A" = 1, 2, 3...£ Q = eBo/)'moc, tile cyclotron frequency). Thus if the wave frequency w is near one
of the I)oppler shifted harmonics, w -'2 + kzv z , the A' = N term becomes the slowest term and has tile dominant
influence on tile orbit evolution. At exact resonance, Lo = NQ2 + kzv ,, this term is known as the secular term in res-
onance heating analyses 19,101. Following a similar approach. we first define a trajectory:

v, VIt Cos Ou+ (t + f &'dt') t), =v 1(t) Sil ( + ()+ S2'dt')
0 0

tSXv + V zzz+f vzdt'.

f
0

where &2' Q zt'), 4 = Vz(t'), 0 = tan- (vyO/vxo). 4 is the time dependent phase varying slowly along with v(t)
due to interaction with the wave field. We substitute these relations into (2) and (3) and drop all fast oscillating
terms in the Lorenti force. Wit the aid of'

exp(ia sin 0) = J1 a) exp(ilo)

a set of self-consistent governing equations are derived for the slowly varying functions f, v, vz and 4:

da,1dt = 6fl,N(kn i/2O)(el-'O l mO)( l - kzvozw)J'(ct) coso , (4)

*do/dt Aw bnN(knI£2o)(eEo/moX l - kzvz/w)cr-(d/da)[J V(a)J sin ¢. (5)

doy/dt / b,.(£!ykn)(elo/moc2 )CJ,() Cos , (6)

and

dvz/dt = 6n N(£O/72knl)(eEolmoc2)(kzc2lw - uz)OJ () cos 0, (7)

where

t knv/I2, 6 n,N= I + (- )n+N . ¢ =kn(x o - a) + kzzo + N(Oo + f)A-f ot')dt'.
0

A(O = Awo + N120(, - m0)/I-,o - kz(v, - vzo) Aco0 + ('o - kzc 2Ico)(t - YO)/YY0to

"o I NZ-0 /70 + kzvzo . Aw 0 = w -- a0  and -20 = eBomoc = 7S2.

If Acoo = 0. it can be shown that the wave is suffering the cyclotron damping only and no instability can be
excited. However, if Aw 0 > 0, i.e. initially there is a mismatch frequency between wave and gyrating electrons,
those electrons that lose energy to the wave (y - -to < 0) tend to reduce the mismatch frequency so as to increase

428
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tile interaction period of losing energy to tihe wave. On tire other hand, i'ose electrons that gain energy front tile
wave (7' > 0) will then increase the mismatch frequency and reduce tile period of gaining energy from the
wave. Oin the average electrons will lose energy to the wave. Therefore, Aw plays a role similar to tile population
inversion function in tile two level svstem. This can be seen by defining a population inversion function I =

+ Ao 0 )/2hc 2 and the averaged polarization current density J = -eno(o2a/k,,)(cos ), where n0
is the average electron density and ( ) stands for an average over the initial random distribution.

From eq. (0) and the definition of Aw = At + ( k2C/to) "y 0 )/"" 0 , the population inversion equa-
ti,n is obtained as .

div/dr = t (,,, 14w)to ( I t - (8) C. /.-

Since the effect of depletion of the rotational free energy of the electrons by the unstable wave is assumed to be
itsigtrificant in the present analysis, E0 (t) and 0(t) are thus expected to vary with time much faster than other
vatiables -Y. a and U. in (4) (7). Neglecting the slow timte variation of a and f,, eq. (6) is integrated to obtain -y

" whiCh is then used to express Aw as

SW + lf lf dt' :i() cos (9)

wheic . 1 = 1,(( W 2 k (1 )J,'(00i tou,. , = u,/c. <' O(t') and 8,,,N 2, - -y0 and w o havebeenl use>d.O

I iou tIhe delinition of,/p . wc obtain

, ( -,, A A,, k,,Yil)i i 0 Q + cos 0 2)

hi the tollo ig, %k e derive the explicit expression of (sill 0 + cos Q $2), only the linear terms and the lowest or-
der Nonlinear ten ii s ill he included it tile derivation. With tire aid of (9), tile time derivative of (5) becomes

1 1)21., sill_2

Cos "l ( Ciiod!dt l"1 Ai. ens 01 + l" sin 2a . (10) S

when e

1) A II ,,, 1(1 kLV:,W 0 )(dldt)laJ(a) .

.riid i. ih0 is issuned.
Li kting tile square of (5). yields

t
- + .-I,)(1W + 'Iwo) dt'Eo(t') cos + 2Doto 1w sin + D 2E2 sin2 . (11) " -f 0 C)"''""

0

12h, buo s)

,i oc 4I)> D dfl',/dt + DoEo(A, sin 20) + 4l)I-(cosO) (12) .

(.',s j . (Cos 0) + A Nw + ICol,) cos f crs 0/ + D0O:(Am sin 20)

+ w, 0) .. 3

,I ierc t he highi - r i teillns (os 20). (sil 20) and (cos 3.0) have been neglected.
eC [iftint r approxitiate
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'f dt'l:'(t') Sin (Acw)t - t s + (14)

sil 2 dt'I:11(t' ) Cos 0
( f

I o
t

-(sil 0) f dt'E:' (t') cos (A )(t t') + (Cos .) J.dt'E0 (t') Sin (Zcw)(I - ') (15)
0 0

and

t t

0 ) t) co s(d' )(t') ((CO) + AWO)f dt'J(t') Cos (Aw )(t - t') (16)

0 0

where (At) will be defined later.
With the aid of 14), we also have 0

(sin 0 6 AcW(,(sin 0) - A 0  dt'l'o(t') sin (Aw)(t - t') - DoE O , (17)
0

- frtm which we obtain

(sill ¢) (sin ¢ 6)/Aw,0  (A 0/2Aw 0 ) f dt'E 0(t') sin (Aw)(t - t') - OEo/2Aw0  (18)

, Substituting ( 18) into ( 15) and subsequently substituting (15) and (16) into (12) and (13), together with the aid
of the relations (cos 0) = -. (kn/eno2ai)JP and (sin 0 0) = (k,/eno&a)J p , the explicit expression of (sin o 0 + cos 0 -
X 21 is then obtained, and the equation for the polarization current is derived as -

+ 2s' f dt'Eo(t') cos (Aco)(t - t')
817J'(ci)-y~n~mc 2 AwO 0. 8n_(°)_oomocA C00 0 (19)-."

8JN(a) 2c0E0 + _ dt'E 0(t') sin (Aci)(t - t')) 8J( (19)

where

-A f Eo(t') cos (Aw)(t - t')dt' ,___ .
7 Wo 327T 0 n0moc 2  0

2 2 2 2 k2 '2 2N-co))Awoo~z  -2a c0 =(wp/, 0 w0)(c 0 - kz((o)ON(a -..
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A- =
- N + 

-
___ f dt', o(t)sin(Ao)(t t') -[3 N 32n.tonidntc 2  7 32n~nmJ 0. • --

2= 4rt cIm fIto is the electron beam density averaged over the cross section of the guide, (&) ' (

and Q\ la) = J'5 t)(d'da)1aJ.'(a)I. This equation is analogous to the polarization equation of the laser medium.
Ecqs. (8) and (19) describe the behavior of the electron beam in tire presence ot an electromagnetic field. In or-

der to close the system of equations, it is necessary to include a field equation that takes into account the effects
oftlie dynamical properties of the medium back on the field. Since eqs. (8) and (19) only include the field ampli- .
rude. cnerg, conservation equation should be sufficient for the present analysis. Thus

P101?1c- d(y)/dt + ( Ii16r) dt =dt 0 . (20)

From ( ) and (20), the following relations are obtained:

coo - k C 2 /wco)I:"
-A: ACO 16'nyt1c (21) ,.

161MOtO 1t0C"

OVofo2  2 2
It' - Awn ,[O ()C (22)

h 32In1o0 0 0 C2

.tnd

47T,,=VJ p  dL()/dt . (23)

Substituting (22) and (23) into (19), a nonlinear equation for the field amplitude E(t) is obtained:
.4 . i _9' " FL2

d 3 / .0 I'Is d 2+ dk I _ ( - o ) f d t'E o(t') co s (A w )(t - t')

(it dt 2  doA 0  o 32 ntooc 2 (0"

a a0  t.
S k 2 oo- J dt'Fo(t') sin (Aw)(t - . (24)

0 0

If we drop the nonlinear terms and assune that F0(t) =:'(O)e't in (24). the linear dispersion relation is re-
covered

~ 2
3 (Awo() kzc")IVN(a) I (wo_ kvO)QN()

" w= (I + AW 2 - (p2 + A22

0) w 0 )

Thus we have derived a single equation which describes the nonlinear evolution of the field amplitude in elec- , -

tron cyclotron maser instabilities. This constitutes the main contribution of this paper. It can be shown that in(14),
the field amplitude L'0 , including that which appeared in the coefficients, can be normalized to 6(r) = Eo(t)"
(32n 41oYoInoc 2 )1/2, a small quantity: and the time scale to T = Acot, a slow scale. Although the physics contained " " [

- • "
in eq. (14) is not immediately apparent and the complexity of the equation defies analytical solution, it neverthe-
less offers significant advantage in numerical work as compared with brute force particle simulation approach.

4 E-ven after one first removes the last field oscillations while dealing with a set of equations of a slow variable le.g. 0
eqs. (4) (7) plus some relationship which closes the systemi tile savings in computational effort can still be sig-
nificant.

As a comparison we integrated (14) numerically using the normalizations in -0 and t mentioned earlier and
the parameters of ret'. 161. The results are plotted in figs. I a arid lb. Compared with those given by figs. 14 and 15
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I iV. 1. (a) Radiation field amplitude evolving in time. nax 8.14 X 1()-2 and emin = 4.49 X 10- 2 are in i!ood areerent ' t]'
the results ot particle simulation. (b) Growth rate versus time.

of ret. 10 ,1 the agreement is remarkable. It is seen that the maximum values of the fieH and the growth rate, and
the litite between the two points when the growth tate is equal to zero given here agree with those shown by figs.
14 and I of rel. 101 to an accuracy as much as one may extract form the graphs. The main discrepancy between
te two results appears at tie value of cni n . This may be because only the lowest-order nonlinear terms in the
phase expansion are included in the present approz'ch. Thus the phase does tot evolve reciprocally so that the ef-
I-ect of elections regaining energy from the radiation field is less pronounced. Although this is a point of important

ph, ,ical interests, in operations of gyrotrons, such a regime should not be reached in practice. Thus one can ex-
pee to directls derive the power gain, the conversion efficiency and also the dyna nic properties of the collective
response of the electron beam to the excited wave fields from this single equation without relying on particle sim-
ulation.

Finally, we would like to comment on what difficulty one may encounter in dealing with this nonlinear differ-
ential integral equatiot numerically. This we can do only based on our experiences. In the effort discussed above,
we have employed a simple trapezoidal integration routine. Equal lime steps At varying from r/100 to it/ 1000
have been used. The method is insensitive to the initial conditions. In fact during one comIputer run, an initial
growth rate three times larger tani the correct value was used. The field evolves and converges quickly to the cor-
rect values except duritg the initial period while still in the linear regime. The results t are also insensitive to the
step si/e before nuttmerical instabilities sets which occur some time after the growth rate F goes frot negative to
positive again. No serious effort beyond varying the step size was made to remedy this problem. We are not aware
of aly puhlislied results of particle simulation which are carried out to this extent.
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Oscillating two-stream instability of a ducted whistler pump
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A magnetically field-aligned zero-frequency mode excited together with two lower hybrid
sidebands by a ducted whistler pump is investigated. The thermal focusing force is found to be the
dominant nonlinear effect on the excitation of large-scale instabilities; while the nonoscillatory
beating current overrides the thermal focusing force in the short wavelength instabilities.
Applications of these studies to space and laboratory plasmas are discussed.

I. INTRODUCTION magnetic field B0 = !B o,

Interest in the radio frequency (rf) heating of plasmas Eo = Fo(Yr + ip) exp[i(koz - oot

has stimulated extensive studies on the parametric instabili- where to, and ko are the angular wave frequency and wave-
ties driven by whistler pumps in either the ducted or non- number, satisfying the dispersion relation
ducted mode. The excited sideband modes may be electro-
magnetic waves 5 (i.e., the daughter whistler waves) or 1 - [W /co((o-2,)] k 2 2 /2

electrostatic waves" - (i.e., the lower hybrid waves) when the wherein wp, and 12, are the electron plasma frequency and
pump wave frequency is near the lower hybrid frequencies. the electron cyclotron frequency, respectively.
In the former process the concomitant low-frequency mode The zeroth-order velocity responses of electrons and
can be an ion (or electron) acoustic wave or a shear Alfv~n ions to the whistler wave may be written as
wave. The possible low-frequency modes discussed widely in
the latter process include a backward ion cyclotron (or ion v , i (ee/m*j [ (1 + iP)/(o0  12ikJ, (2)

Berstein) mode and a quasi-ion mode. where the subscripts e and i refer to electrons and ions and

In this paper, we investigate the parametric excitation correspond to the - and + signs, respectively.

of a magnetically field-aligned zero-frequency mode togeth- We now analyze a parametric process whereby the

er with two lower hybrid sidebands by a ducted whistler whistler pump wave excites two lower hybrid sidebands

pump. This is the oscillating two-stream instability of a whis- (W ± A± ) and a field-aligned purely growing mode (t),,k).

tier pump analyzed by a four-wave interaction process. The The wave frequency and wave vector matching relations for

influence of various nonlinear effects on this instability is this four-wave interaction require that wo+ -w

evaluated. The thermal focusing force that results from the = -=)... + w? and k - k = = k + k. We take
differential Ohmic heating of the whistler pump and the low- k = ik and w, = iy for the purely growing mode, where a

er hybrid sidebands dominates in exciting this instability in positive y is the linear growth rate. Then, the matching con-
the large-scale regime. However, the nonoscillatory beating ditions become o = w, + iy = to and k ± = 2ko ± 1k.

current that is driven by the whistler pump field on the den- The lower hybrid sidebands are excited through the
sity fluctuations of lower hybrid sidebands overrides the beating current density driven by the whistler pump field on

thermal focusing force effect in the short-scale regime of the the density perturbation of the purely growing mode. The

instability. In any case, the ponderomotive force (i.e., the coupled mode equation for these high-frequency sidebands

radiation pressure force) does not have a significant effect on can be derived from the following fluid equations for elec-

this instability as long as the phase velocity of the whistler trons and ions:

pump far exceeds the electron thermal velocity. k ( ", ± .( no) - (n. ±/no)k " (3)
The coupled mode equations for the lower hybrid side-

bands and the field-aligned purely growing modes are de- 5v, t + ifl2v, X± - k (elm,) 0 ± + ivv, (4)

rived in Sec. II. These modes are coupled through the whis- k + .v, ± = w(bn, /no) - (n, ± /no)k Vo,, (5)
tier pump wave. A dispersion relation is obtained in Sec. III, and
where the relative importance of the nonlinearities contrib- -

uted from the thermal focusing force, the ponderomotive -if2,v, ± X2 = (elm,)k d, + iv, v, . (6)
force, and the nonoscillatory beating current is evaluated. Equations (3) and (4) [(5) and (6)] come from the linearized
The applications of our work to space plasma and laboratory electron (ion) continuity equation and the electron (ion) mo-

6 plasma studies are discussed in Sec. IV with specific exam- mentum transfer equation, respectively. The variables, v,., ±,
pies. Conclusions are finally drawn in Sec. V. 6n, . and ) ± , represent the velocity, density, and electric

potential perturbations associated with the excited side-
II. COUPLED MODE EQUATIONS bands. Under the quasineutrality assumption (i.e., n, = n,,

* +- We consider the propagation of a ducted whistler wave = n,), the density perturbation associated with the purely
in infinite, spatially uniform plasmas embedded in a uniform growing mode is denoted by n, (= n, + - n* .Here
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5= wt + iv, in (4) and 5= w + iv in (6), where v, and v, the whistler wave magnetic field. H,., = 2mi v, (Vo., v.,_
. v, (m,/m,) are the electron-ion and ion--electron colli- + , ) result from the differential ohmic heating of

sion frequencies, respectively. The thermal pressure terms the whistler pump wave and the excited sidebands and give
have been neglected in (4) and (6), because we assume that rise to the thermal focusing forces, - V (no6T.,). In (10) and
k 2 T,/m,12,k'T/mo'o, and k'T/m, o'are much less (13), y ., =y+2v, +v ... k 2 V2,1D e,, where v,, =
than 1, where T. and T, are the electron and ion tempera- m.,)2 are the electron and ion thermal velocities; v,, is the
tures, respectively. Hence, the Landau damping effects may ion-ion collision frequency.
be ignored in our fluid description of plasma dynamics. We now proceed to derive the coupled mode equation

Solving (3H6) for bn,: and bn,, and substituting for the purely growing mode from Eqs. (8H 13). Subtracting

them into the Poisson's equation k 2 41,e(bn,. (11) from (8) yields
6n, we obtain the following coupled mode equations _ 6 = 6 _ (14)-- v vx (14)

." .' for the lower hybrid sidebands: v - V
2 - The x component of the resultant vector equation from the

'W"R + ivWtW, 112,12') t sum of(9) and (12) is
41re(to + iv.)ohk .(v,-ve)n /k t o, (7) ym,6v,. + i(F_ +FJ = - ik (6T, + 6T, + m,cn,/n)

where W~h is the lower hybrid resonance frequency defined
by w./(I + a)/fI 2)1/ 2 W m)1/2 is + m 12,(6v, - 6v(, (15)Sby tP,/ PtOe / e I fR = O h (1 +- m , k o/m , k ) /  i

the dispersion relation for lower hybrid waves. The coupling where c, [(T, + T,)/m, 11/2 is the ion acoustic velocity.
term, arranged on the right-hand side of (7), shows that the From (14) and they component of(9), the expression for (6v,
driving sources for the lower hybrid sidebands are the beat- - bv,) in terms of 6v,, is obtained. Then, substituting it into
ing currents produced by the interaction of the density per- (15) leads to
turbation n, (i.e., the purely growing mode) with the pump 6v,. - i(vn/m,)IF, + F, + k (6T, + 6T + m,c'n,/n o)
driven velocities Vo,.,.

The nonlinear effects responsible for the excitation of - (,/v)[F, + imf2l(6v" - v /
the purely growing mode include the thermal focusing force, f2'D, + V Y)- (16)

the ponderomotive force, and the beating current driven by
the whistler pump field on the density perturbations of the Eliminating 6T.., from(16) with theaid of(l0) and (13) yields
lower hybrid sidebands. Their relative importance, as dis- P6 = -ivlkc2 n./no + (F .+ F, - DF,,/v,)/m,

cussed in Secs. IV and V, depends upon the scale lengths of v -+

the instability. All the nonlinear effects on electron and ion + (2k /3m )IH,/y, + H,/y
dynamics are included in the derivation of the coupled mode + 2v,(H, + H, , J(I - 4v/r,)
equation for the purely growing mode. This coupling equa-
tion can be derived from the following equations: -(flD12 1 /v,) + (2k 2Te/3m,y,)

,n,/no) + ik 6v., + 6"'.)= 0, (8) x(I + 2,/y,)/(l - 42/yy,) ](6v,' -6v .),' (17)

X,= -il(6T. + Tn./no) - eE, - mj2,6v. X2 where P =.(2,2, + v y + 2kv,/3m,)[ T / . + T,/y1,

- mr v,(6v, - 6vJ, (9) + 2mv~c~lror/(1 -4v'/rr,).

6T, = 2(H, + 3v,6T, - iT k6v,,/3y,, (10) Combining (11) and (17 by eliminating 6v,,, we obtain
the coupled mode equation for the purely growing mode

,ln,/no) +ik6v,. + 6vTj)= 0, (11)

ym,6v, + +, (yP + vk 2 c')(n./no) = - (kv/mj(Fx + Fix - 12,F,,/v,)

* ilk(ST, + T, nlno) + eE, + rn,12,6v, Xz -(2k 2v,/3m,)[H,/r, + H, I,

+ M, v,(Ov, - 6v, ), (12) + 2vi H. + Hj/y y, ]/I

6T, =2JH, + 3v,bT, - iT, kbv,)/3r,. 13) (1 - 4v-/y.yj + i(k/m,)

Equations (8H 10) [(1 1 --( 3)] come from the linearized elec-
tron lion) continuity equation, the electron (ion) momentum e mfl /v, + (2k 2T,/3y,)

* transfer equation, and the electron (ion) energy transfer x (I + 2v, /y,)/( - 4v,/r. ,)]
equation, respectively. The electron inertia term is neglected
in (9), but the ion inertia term is retained in (12). Here bv..- 6v,') - k(18

6',., and E, (= xE,) are the velocity, temperature, and the
electrostatic field perturbations caused by the purely grow- The right-hand side of (18) contains the coupling terms that
ing mode. ,v, - vo,.,, + 6n,, . v*,, (/no are the in- have been grouped specifically into three terms correspond-

• duced velocity perturbations due to the beating of the den- ing, respectively, to the contribution of the three nonlinear
sity perturbation of the lower hybrid sidebands and the effects, namely, the ponderomotive force, the thermal focus-
velocity responses ofelectrons and ions in the whistler pump ing force, and the beating current.

field. Here F,, - im,, [ Vv+, v,*, .Vv,., + vo,, Equations (7) and (18) form the set of coupled mode
-Vs,, + v,,.Vv , ± (f.,,/Bo)(v*, Xb + v,, . Xb)] equations that describe the coupling of lower hybrid side-
are the ponderomotive forces, where b, = - i~koc/tw) Eo is bands and the purely growing mode through the whistler
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pump wave. We are going to show that these coupled modes To simplify the problem, we assume that 12, <(o(12,,

can become unstable when the pump field exceeds a thresh- v, <12, ry(wo, vi <,wo, and rv, <1f2,fi in the following deri-

old. vation of the dispersion relation. Then, it is seen that IBv"J I
_ IM, /mi 2 (.fl, IWoPl 6V"I 1I< I&v"M l, and I##ii -(2' f/'' ) IH#

III. DISPERSION RELATION .4 I- -If T, - T,. is further assumed, the parameters, r.., and

With the aid of (2H6), the phasor amplitudes of e"nl P in (18) may be approximated as y, Z r. r + 2v + v. k

F,.,,, F,,, and H, are expressed in terms of 0 , as follows: Xv ,/122  and P-12,1 , + 2v,k 2c/3Y, where r = y• 22 2 2.

an, = qIe/(k, )2/1/"2 11 ± k 2l + 2+ v,k v,,/12 e. The dispersion relation is finally obtained
1.2 ±t ko 0m+ v/)]A by substituting Eqs. (19H24) into (18). It is

°l~,/w)[°/1+ ±k[( ++ )]),(19) 2c,2/1212)(i; + 2y/3)](12e12u/rv*)i(v, /ao) [ k / , +kl v2 )]B 1, (19)

where A=c * - o B=co0 * +efo' +,

12 = 12,, 122 = wo, and the quantities with a tilde represent = (w 1 - 4)((4v./ 3 )H + (k o2 2/k 2
o)F

the phasors of the associated perturbations. - [(4v./37)(k 2v•/12,,0o) + ((2,/ao)]

F:,, =-im,,(elm, )2(Wo/12,, 2 )( [2k 2,12 2 0)2ok o
+ ((W2 2 112,12i) ((4v,/3r).

0(o' + y,)IB - i(v,/,o)
x [k 212 - 12,kl(a+ + v)]A . (20)- 1 o) + 4v3)(k 2  w)

X(k -o1i 0 +s) 2)2 2/k 2V _ W2/ 1.!,25
F,,= im,(e/m 2((vl,/.o)[2k 

2
0 /f '  + k 0 ( 0 + y,)]2B X(k / (25)

+i 2vk,2) ]A i(21) where v = 2v,(m,/m)k 2(otwa,/o ao)[(koc 2

±if . - o1()o+ 12 ](eeo/m,) 2 /[ _o.~ )2 ±+ 2 4h/12.R .122]. We use

,,=- i(e/m,.,)2(2kv~m,/12 .2 )[B ± i(v,/12A]. (22) the subscripts, H, F, and J, to indicate that the correspond-

From (7), we obtain the following two expressions for A and ing terms are contributed from the thermal focusing force,

B, respectively: the ponderomotive force, and the nonlinear beating current,

A = 2(v,/wR)[(w W ,/12,( ) + (,2 - W2  W W2 respectively.
A 1h)] R 0 w1h In process of obtaining (25), it is found that while the

x(k -c oW o/lwo k ] eot2(ii/no)/(wo -W2 )2 ponderomotive force is additive to the thermal focusing
+ V W

2 0
W4

h /12 2 12 1h ] (23) force, the ponderomotive force and the nonlinear beating
•current effect are partially counterbalanced by each other.

B - 2i(ao2 
- w + v aw h/12,12,) The relative importance of these nonlinear effects to be seen

X [ R Olh k Y w)Iwo w',k ]C012 later depends upon the scale length of the excited field-
0 0 kaligned modes. The dispersion relation [Eq. (25)] is a qua-

X(h,/no)l [ (w2 W2 
2 1 + V1. W2 o/1)4 112 . (24) dratic equation of y and can be written as

,2,+,L3 !Lv + v* ( )2 ( ,D '-+ (4
S( 2 2 ) -(. , + R l ) 1)

X k2w2 3 k2$,.2 . (26)
x l 2v' 0o k2fl 2 2 k .f /J /

Setting r = 0 in the dispersion relation leads to the The beating current terms are the net results after having

threshold field intensities as been partially balanced by the contribution of the pondero-
2
V

4  / motive force effect. The residual ponderomotive force effect
Mh = (m,/e)2(k 24 IWR'l h is found to be negligibly small.

(WI _(0 ) +.2 W4 /B22 21

[( o _ 2 ) + ",t e h/12 •12, ] Since the right-hand side of (27) has to be positive, a

[ - o(h -W2 j + (V .4 /f2,12, )(h + W22] criterion for the instability is drawn from its denominator as

(27)o - ($, W4 2/12, ,)(b la) (28)

wherein the relation k -C _ w o w /12, from (1) has for k 2v2,/12,w, 54/7, where a = - 7k 2 V2 #fw,

been used; h andj (j, andj 2 ) represent the contributions of (= h - j,), b = I + k 2VfeWR/120, v# ( = h + j2"-j2), and
nonlinear effect produced by the thermal focusing force, w s a s l has been assumed. The instability zone defined by (28)

and the beating current, respectively. They are h = 1, shows a scale-length dependence. Here 4h, has a minimum,

2 2 2
jl7 2v,/ ,amnj k l,¢o1 o  W2, whre wicocrsa

R I
m,7 7, _o + ( W2 /V 12,,

1+--, k m, k I x1 -X b+ [b+'+ R.,2,1)a
2 "21a (29)

1436 Phys. Fluids, Vol. 27, No. 6, June 1984 S.P. KuO and M. C. Lee 1436



The minimum threshold field is thus obtained by substi- pumps in laboratory plasmas: D,/2r =280 GHz (i.e.,
tuting (29) into (27), the result is B, = 1.0X IW G), w,/21r = 200 GHz (i.e., n, = 5x 1020

I = (3v, /2f,.)' 2(m,/e)kv' m ), m,/m, (D)= 2.72X 1
- 4 , Te = I keV (i.e., v,,

13 /2 (/ e = l.3X 10' m/sec), ah -0.w,, -2.64 GHz, and v,
X I [a2 + (vb/woR)],2 I - (vb/wR) 1 /11/ al. (30) = 7.7 x 10 5 Hz. It is found from (28) and (29) that if the

The growth rate obtained by solving (26) is given by nonlinear beating current or the thermal focusing force is the
dominant nonlinearity for the instability depends upon if

(6/13)v,(k 2v~,2112 ))E 0/,Eh')2 
- 1], Wo<wO, -3.3 GHz or wO> Ih [1 + (7m,[vw'+4m,

D c2 1i) 112 -5.6 GHz. The latter case is, however, not con-
for (EI)E -)2 < 10. (31) Xsidered here since the required threshold field is found to be

,<2 1 2  Eo " E ,/ ) 10. extremely high. Therefore, we choose w/21r = 3 GHz. The-2v..(k Iflf )(E,/E,,), forf&E -E' >10

(32) factor,f= (kok)- (m,/m,), that is computed from the fre-
quency matching relation o, = W = Wrh (0 + f), 2 has the

It is of interest to determine the wavelength regime value of 0.29. The scale length determined from A = (2r/ko)
wherein the thermal focusing or beating current is the domi- X (0.29 m ma,)" 2 is 1.29 X 10-4 m.
nant nonlinear effect. This can be done by examining the In this case, since (k 2v /.2,v,)-2.8x 10 and (k o m,
denominator of (27) with the aid of (29). It is found that the xf"2/k 2 MAO)- 10--2ttheral ocusng ffec beomesdomnantwhe"kmY/ I ,) -. 6 10 -x the beating current rather

thermal focusing effect becomes dominant when k -v,./ than the thermal focusing force certainly provides the domi-
.0, R(a <I and <(2 e/op)(m,m,)k0 (i.e.,/ <Oandb<0). nant nonlinearity for the instability. The minimum thresh-
In this regime (30) reduces to 4,1 -),3/2) (k 2Y1 /2 , ) (M/e) old field is then72 /4V4 )1/21 1/2/1,711/2
X[! + (1 + 4D e. I. /v I l u which decreases E'3- 3/2(m,/e)vv,, 1771 2 

_121 IV/m). (33)
as the wavelength increases. However, the effect of nonlinear
beating current overrides the thermal focusing effect as The corresponding growth rates are found to bek> (-fl 2 ,)oE h) 577 l se -) 2 34)

k>( pe)(mi/Me)k o andk 2
11/fl, v > 1. In this regime y = .72ve(k 2 VI /12 )EdE,')- 5.77X 106 (sec: (34)

the minimum threshold field becomes /2 The c, in (34) is taken to be 3 (kV/m) (i.e., 0. 1 esu/cm). The
X (Mele) ve I vI "', that is independent of both the wave- growth time of the instabilities defined by y is 0.173 usec.
length and the magnetic field. Since these short-scale instabilities have large growth rates,

IV. APPLICATIONS they have the potential application to the rf heating of labo-
ratory plasmas.

A. Space plasmas In this wavelength regime, the magnetic field has no

The plasma in the upper atmosphere is weakly magne- effect on the threshold fields. This is because the scale

tized, namely, w, >1 .0 and, therefore, c1h _ (1212,)l /2. In lengths of these instabilities are much less than the ion gyro-
this case study, we use the following topside ionospheric pa- radius (-2.7X 10-2 i). Therefore, the cross-field diffusion
rameters: w1 e /21r = 2.83 MHz, f2l,2r = 1.1 MHz, v,, damping on the instabilities is not important as compared to

= 1.3x 105 m/sec, me/m, (O) = 3.4X 10- and v, = 126 the collisional damping. However, on the other hand, the

Hz, where the value of v, is computed from the formula w excitation of the field-aligned modes relies on the cross-field

X(2/nT) "2 In (16-rr2n'A '/24 2AD, A where n0 and AD are mobility. The magnetic field reduces the cross-field mobil-

the plasma density and the electron Debye length, respec- ity, whereas the collisions facilitate it. This may explain the

tively. According to (28) and (29), the pump wave frequency dependence of the growth rates on collisions and the magnet-

(w,121r) has to exceed 5.6 kHz for exciting the present decay ic field as shown in (34).

process. When (w121r) is greater than 17 kHz, the thermal The threshold for these instabilities is less by a large

focusing force is the dominant nonlinear effect since 1< 0 in factor of 3(woV,)' /2 than that for the excitation of lower

this case. For instance, let w/21r = 18 kHz, modes with hybrid waves and quasi-ion modes.' This fact indicates that

scale lengths arround 14 m can be generated. The threshold purely growing modes can be produced much more easily

field intensity is about 0.23 (mV/m), that can be easily than quasi-ion modes in laboratory plasmas by whistler

achieved at the altitude of 600 km with the available VLF pump waves.

transmitters at, for example, Siple. The growth rate, calcu-
lated from (32), is y-0.0 5 6 e (sec'), where e is measured V. CONCLUSION
in (mV/m). On the other hand, the nonlinear beating current A whistler pump wave may excite two lower hybrid
nonlinearity dominates if the pump wave frequency is set at, sidebands and a magnetically field-aligned purely growing
for example, 6 kHz. Then, modes with scale lengths around mode via the oscillating two-stream instability. This process
3.2 m can be excited at the threshold field -0.122 (mV/m) is controlled by different nonlinear effects in the different
and with the growth rate - 2c( (sec scale-length regimes of the instability. The thermal focusing

force provides the dominant nonlinearity for the instability

B. Laboratory plasmas with scale lengths greater than 2 1n,,/(fl,w,)-/2 and
21r(m,/m, I/2 c/(lww )I/2. This thermal instability of whis-

The following Alcator C parameters are adopted in our tier waves is expected to occur in ionospheric plasmas in the
study of the oscillating two-stream instability of whistler wave injection experiments performed at, for instance, Siple.
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A purely growing instability characterized by a four-wave interaction has been
analysed in a uniform, magnetized plasma. Up-shifted and (lowvil hifted upper-
hybrid waves and a non-oscillatory mode can be excited by a pump wave of
ordinary rather than extraordinary polarization in the case of ionospheric
heating. The differential Ohmic heating force dominates over the ponderomotive
force as the wave-wave coupling mechanism. The beating current at zero
frequency produces a significant stabilizing effect on the excitation of short-scale

- -. modes by counterbalancing the destabilizing effect of the dlifferential Ohmic
heating. The effect of ionospheric inhomogeneity is estimatedl, showing a tendency
to raise the thresholds of the instability. When applied to ionospheric heating
experiments, the present theory can explain the excitation of field-aligned
plasma lines and ionospheric irregularities with a continuous spectrum ranging
from metre-scale to hundreds of metre-scale. Further, the proposed mechanism
may become a competitive process to the parametric decay instability and be
responsible for the overshoot phenomena of the plasma line enhancement at

* Arecibo.

1. Introduction
In many cases of parametric instabilities excited b y high-frequency electro-

magnetic waves in ionospheric heating experiments, the dominant nonlinear
effect in the wave-wave interaction is produced by the differential Ohmic
heating force rather than by the pondleromotive force (e.g. Fejer 1979; Gurevich

1978; Perkins, Oberman & Valco 1974). The thermal effect generated by the
electric field of the wave in collisional plasmas may erastically reduce the
thresholds of the instabilities stnder favourable conditions.

The parametric wave process tdiscussed in this paper is a thermal plasma
- instability triggered by electromagretic waves.imince it involves a purely growing

modte, a four-wave interaction plitoces is analysed, including a u ap ti
wave-vector up-shifted and ilown-shiftes upper-hybrid w taves, and a gn
oscillatory mode. Thedifferential Ohmic heating force ishen to ominate overthe

manleromotive foree as the priomar mechanis for wave caypling. In add itbie
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464 M. C. Lee and S. P. Kuo

the beating current at zero frequency is included as a nonlinear effect. This non-
oscillatory beating current tends to weaken the effect of the differential Ohmic
heating, i.e. to impede the excitation of the instability. The stabilizing effect of
the non-oscillatory beating current is especially prominent in the generation of
short-scale modes.

To begin with the analysis of a four-wave interaction in § 2, a uniform medium
theory is developed. The relevance of all the possible nonlinear effects in the
wave-plasma interaction of interest is evaluated in §3. The criteria of the
instability are investigated in §4 primarily for pump waves of ordinary and
extraordinary polarization in the ionosphere. With the intention of applying the
present theory to ionospheric heating experiments, we estimate in §5 the
influence of ionospheric inhomogeneity on the instability and compare the
theory with some experimental results.

2. A four-wave interaction

The four-wave interaction unar consideration is a parametric instability
excited by a high-frequency electromagnetic wave in a collisional, magnetized
plasma (e.g. the ionosphere). Wave-vector up-shifted and down-shifted tipper-
hybrid modes and a purely growing made are generated. The four-wave inter-
action may be represented by two sets of three-wave coupling as follows:

b= V!+ 0 , k,, =ki+k,

( = ij + W4, ko = ki + k,,

where the subscripts 0, u, d, and i represent the pump wave, the up-shifted high-
frequency mode, the down-shifted high-frequency mode, and the plurcly growing
mode.

To simplify the problem, we assume that k0 = 0 (thus, k,, = = -k,,) for a
dipole pump field and (di = 0 (thus, , = (' = iv,,) for the non-oscillatory growving
mode. This condition is achievable in the ionosphere, when an liF radio wave
transmitted vertically from the ground reaches its relexion height. A ('artesian

system of co-ordinates is chosen with its z axis along the d.c. magnetic field. Its
x axis coincides with the wave vectors of the exited iheld-alin,(Ied mod(es (i.e.
k i = = - k). TIe purely growving m,,de is fichi alige . l becausc tlie
concomitantly excited ulpper-hybrid modes art fih 1-aligned in nattie.

The coupled mode equatiom, which descriles the l)ipress of exciting liv'il
aligned high-frequency miodes by seattering tOe plillp wave off the lo -
frequency 'electrostatien-it p(rturbatiotin, can he derived from the electi,,
continuity equation, the electron motmei(Iun (qu:ltiin. and I. li',i,,s
eq(uation:

,,+ V n V, - 0. (1)

E+V,..V VE V, - (V V). (2)

V.E -3 -,, . )
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Parametric instability 465

where Vpe = 3ToVn and Vi = 0 is set for high-frequency modes; c, in, n,, T, ye,

Ve, Vj, E and B0 are electric charge, electron mass, electron densitv, unperturbed
electron temperature, electron-ion collision frequency, electron velocity, ion
velocity, electric field, and the d.c. magnetic field strength, respectively. As
shown in Appendix A, if the excited field-aligned high-frequency waves are
electrostatic modes (i.e. the upper-hybrid waves), the coupled-mode equation
in a uniform medium is given by

+11 +to (V+ 40 V + U!V (DI

W2 ~~ + P")V 1.(L E,) - ,V. ("EP X) (4)

Tt ) 1 1

* where n is the unperturbed plasma density, which is assumed to be constant;
Sn, is the electron density perturbation due to the excited zero-frequency
mode; Q , = eBo/rnc is the electron gyrofrequency; o6. = (4n7e2O/n)f is the
electron plasma frequency; vt = (3T,/m)I is the electron thermal velocity;
E" = EP exp ( - iw t) is the dipole pump field; VL = Ol.t'2 + .I/y

2 ; and (D, is the
electrostatic potential of the upper-hybrid waves. The coupling terms on the right-
hand side of (4), appearing aathe driving source of the field-aligned high-frequency
side-bands, originate in the nonlinear beating current. This current at the pump
frequency is produced by the beating of the oscillating electron velocity in the
pump field (E,) with the non-oscillating density perturbations (8n,). If wave-like
perturbations of the 8p = 8P exp [i(k. r - wt)] type are assumed, the up-shifted
and down-shifted modes and the zero frequency mode can be designated respec-
tively by 8.exp - i(kx + tot)], OPdexp [i(kx - ot)], and 4ji, exp (yt - ikx). where

to = o + iy and a positive y represents the growth rate of the instability.
Substituting

E, = E p exp(-i(,),t), 8n,,=Shexp(yt-ikx).
(I's )CxIp i(/,.r- bt)J. and (I)- = ) p- i(kx+ tot)]

into (4) leads to

2
I0 = -7 [(o + i,,.) ,,,., - i , E,, [(too + < 2l),, i, , J-, (5(,)

k )10

[( --ft. I A,-,, Fiv,.)E - il2, Ell", - ' [(( 2 ) r S1- 0 1'1-I, (5 b)

where n *is the coin plex co i ij ug; te of nw E,,, and E,, are t hex i i cl y coin p meits
of E,,; I' = (o2 + J2 + j.2 - o,2. where (,)2 o, + k2 .2. The sili.r'i1pts I aid 2 are

used to represent the downc shifted and up-shifted side h:ick reSpct .ivc.ly. AlI

the tildes over the am pith.ides of the pert urbed q uani it ic's id the' pump fils
have been ormitted without causing any confis ni. In ott:icimc (:,,i) :ar, (51)

y " 6(), ,' have been assmiid arid can he just ified.
To derive the dispersion rlatjon, one more e(tuation ir, t iTir ,, tic (Vi aid el),

is needed. Both electron :nrI ion ki 'ietics have to Ibe co li I f,1 t11- I ,1 lc
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466 M. C. Lee and S. P. Kuo

growing mode (8n,). In addition to (1) and (2), the following four equations are
also employed to derive the coupled mode equation for the n n-oscillatory nmode:

Oni/&t+V.niVi = 0, (6)

if vieE+--V,.× + 1c -= (V, -Vi)-, , M y ,  (7)

2V mtT'ATV-V= -n. (Re. V. +Re V, j T, 21,,. - (, - TO) + j ,,, m <V , (8)

8n, _= Sn = 3n, (9)

where Vp, = T0Vni; M and P,. are ion mass and ion-neutral collision frequency;
= 3noTo/2mv and R = (v/Jje)2 3 noTo/2mi,, where T, is the electron or ion

temperature in thermal equilibrium; the angle brackets used in (8) indicate the
time average over a time-scale of order of a few high-frequency periods. The
electron energy equation is included, because differential Ohmic heating in
electron gas contributes to the nonlinearity in generating the field-aligned purely
growing modes. The derivation of this coupled mode equation is briefly described
in the next section with a discussion of the various nonlinear effects which may
be involved in the wave coupling of the proposed instability.

3. Nonlinear effects
3.1. Beating current at zero frequency

The linearized electron continuity equation can be -ritten as

y8ne -iknoSV-ikf = 0, (10)

where / = n*V + Bn J~ represents the beating current at zero frequency.
This non-oscillatory beating current is driven by the pump field in the oscillating
electron density perturbations of the excited high-frequency waves. In the
appendix of Fejer (1979), a warning is addressed concerning the use of the low-
frequency beating current term. This problem is examined in Appendix 13, where
we show that the paradox discussed in Fejer (1979) can be removed in our .ase.

* 3.2. Nonlinear Lorentz force and differential Ohmi," heating forcr

Using the quasi-neutrality condition to combine the lincarized electron :and i(,i

continuity equations, one obtains

, - &.1  = (8 V, + 1,2 J*.')" . (11)

The x component of the combined linearized cIh'tron aoI ion nlcute cit ciiii

equations leads to

i kd 1 + + r 1. 12,
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where i; = .y c+ 7 (,+Ti)/j = 2T/M, and 8V, >8,; im/ Mhas been

assuned. The y component of the electron momentum equation gives

_VY8" 4,1 (13)

"p , IL + 2 y

where/' = V+ Y.
Eliminating 8ti and (8v, - ',.) from (11) and (12) yields

817, ik[ 5  28 _+ I/ (1 (141\ni!( )fi

where _' v*~t + v*.',) m/ M- (%vP*v + V*,v,, ) ,/P,,

representing the nonlinear Lorentz force term, which is derived from the con-
vective term of the electron momentum equation and is reduced to the pondero-
motive force in the case of an unnagnetized plasma.

The perturbation of electron temperature (8T) in (14) can be obtained from
tht electron energy equation. It is

STe = J[ikT0 8,. + JYJl[y + 2pem/M + JR, k2/1 01, ( 5)

where 0' = 2 v, m(vp .v + v*. v2 ) is the differential Ohmic heating term arising
from the electron energy dissipation in the high-frequency wave field.

Substituting (15) into (14) and, then, eliminating 81,,, from (10) and (14)

yields the following result:

8a = A {B + C + D },(16)
where

A + +{[7 Q,/ ,I +klc'.][y+2vpm/M + k2rlv, + yk-2c > - ,

B = - k2no[y + 2vem/M + jk
2r v,],

' = (- 'lM),

D = ik {(Q, Qj/i,.) [7 + 2v m/M + k2
,r
2 v] + jk2c2},

where r,, and c, are the electron gyroradius and the ion-acoustic velocity, respec-
tively. i,,'s h-ave been replaced by v,'s in (16) since v,. > y is assumed.

3.3. The significance of nonlinearities

Equation (16) has been written in a form which expresses the contribution from
different nonlinear effects to the excitation of zero-frequency plasma density
perturbations. We now evaluate the significance of these nonlinear effects.

The perturbations of electron velocity and density (v. v., 6, 8n,2) caused by
the excited high-frequency modes and the electron velocity (v,) responding t,)
the pump field can be obtained from (2) and (3). They are

,* = - (k2/4e,) (¢)*, 8n2 - (k2/147e) (D2,

V* = - (p/,) ,,o/(,,, -[()l k(/ , + k ,)[I + 2i(,,o,.(,,
X R I - x ,,,) ,-- i(O ' a', 1 I ,, l 1

v - ( /.,) [,,/(,2 Q') k( I + A2 'k,) [I - 122),(,,- 
- £4),

X I(I tii, ,,,).'e i i(Q!,l ,, O! l .
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P -i(e/n) [&)0/((o02- Q,2)] [Il 2iCdOi'/(W2- Q)j

x {[(1 + iv/,wo) EP, - i(Q2lo/o) E1,]

+ 9[(l + + l j) E, } - i(e/,,) i (j - i',/<,) ,,, ,

where k. ADt = (4nenlTo)l is the electron I)eb*e wavenumber.
Substituting the above expressions into (16) gives the other coupled mode

equation for the field-aligned mode,

6n = A{F+H+J}, (17)

where

F = -i(e 2kA./nJW) [y+ 2m'.n/M +ik.r1ve] (E,()* + E*' 2 ).

H = 4iz,(e
2I '3/mMwO){2iQe/Cd) (EP Dt) - E,* ,) - (E,,, )' + F,* (2)1'

J:(k 3e2/mMw,)) (k2/k%) {[(20,p,/(t) (Evu I,' - E, , 12) - (, ) -E*

+ i[(Pe/Cdo)(Epx'D1* + E* 1 2) + ((0</(00) (E,y f + E* 0D)]),

corresponding to the nonlinear Lorentz force, the differential Ohmic heating
force, and the non-oscillatory beating current, respect ively. The ponderomotive
force is seen to be less than the differential Ohmic heating force by a factor of
k r, for modes with scale lengths less than 7re(2M/rn)! and by a factor of i/il
otherwise. Therefore, the contribution of the ponderomotive force is negligible
in the generation of modes with scale lengths much larger than the electron
gyroradius (re). In obtaining (17), (k/kD)2 < I has been assumn(.l, i.e., the scale
lengths of the excited modes are much larger than the electron Debye length, and
&0 > Q > ' (this is true in ionospheric heating experiments in the F region).

The dispersion relation of the instability is finally obtained from (5a). (51),
and (17) as

{fy + 21'em/M + vekTln Qfl [y , Qj/Ve + k2c2] + J yO'2}
× ((ieo v2 + r 2) (3mMI/4,,2e 2k2) = t2(['-1,2<) 1 E,,II + 4(02/0,) l'l k; 1P 2

+ i( E,,X E* - E% E,,) (Q~/,o) (3 F - 212) - (.,, E,*, + E* I,,)
x ( velCo) (0w0 + 2F/o 0)}11 - j(2.A1. )2 {2((, + F)lE, 1i2

+ 2 <4 jE. 2+ i(E,,rE v - E*1 E,,.) (12,/,)) (1 1- 2,2)
- (E,,, E*, + E*, E1,1) Q,0  , (18)

where A, and A are the electron l)ebye length and the scale length of the excited
modes. The right-hand side of (19) is intentionally written to retaill two ternis
labelled by H and J corresponding, respectively, to the originil differential
Ohmic heating term and the non-oscillatory heating curreit terun. It is .hen
from (18) that the beating current tends to counterialance the ()hm lic heating
effect.

Physically, this arises from the fact that the zero-frequencv clect rostatic vi de
is a nonlinearly driven mode, but not a normal node. The iluced oll nscillat' ry
beating current imposes a stabilizing effect on thew dsi abilizatiol cawued !,\ the
nonlitnarity due to the differential Ohnmic heating. This liti g (.urrelwI iS
dlependent on the scale lernth1 if ex(ite( lulods. It iv f(lialit't i ,\ lhear tfiwn
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Parametric instability 469

(18) that shorter-scale niodes are more significantl y affected than larger-scale
modes. A qjuantitativ-e evaluation of this effect will be made after we specify
the nature of the punip wave.

4. Conditions of the Instability
4. 1. Pump wavyes of ordinary polarization

Since HF radio waves of both ordinary and extraordinary polarization have been
used as pump waves in ionospheric heating experiments, let u~s first consider the
oblique incidence of an 0-mode p~ump wave. By oblique incidence, we m~ean that.
near its reflexion height, the 0-mode pump wave dtoes not propagate exac.tly
perpendicular to the d.c. magnetic field. Consequently, there are perpendicular

41 components of pump field, which can be approximately related as E,,= - iF,
The dispersion relation for the case of obliquely incident, 0-mode heater waves
cana, therefore, be written as

1 (,nM/ve 2k 2) ((w2 V2 + r2) {y+ 2v,. rn/It + F', k~,2 JyQ Qje 2/im + k 2C21 + Ayk 2c2s
(1-~~/~''o [2 -2~' -(,)2 (2 7TAJ ')~ "E1 2. (19)

The threshold power for exciting the instability can be determined from (19)
by setting y = 0. It is given by

IeE1,1/m j~j = jr.2o,02j+ r2) [2,n1.1 + -10~ ( ~~/~~
x [2P - 21, 2_ (1)2(2 7lT,)/A) 21I1. (2o)

0 Since the right-hand side of (19) or (20) has to lbe positive, it reqjuires that

F > 1,2 + J(0 (217A,1A )2. (21I)

The threshold po~or has a minimium valuie at

1' 1' F, a + (a 2 + 1,2(0)1, (2
w~here

0 ~~,2 + 1 (2n'A )2. (3

Tlhe minimun threshold power is given iy
2n 1((,)11, + 1'2) [2io /It + 1k2r 21(1 - 1 r~ I(,12 +(,21,2)-j.

(24)

S Note that the second term, o( 2zrAf)/A )2, of thje pnam m ter ai dofined bv ~t
originates in the non -oscillatorY heating current. If t he follkwinu< piranietcr ;1a
adopted: (,)0/2,7 61111ziz 2,j27T = 1.2 Mlz. in',, 1 I kliz. A, 0-5 x 10 !'n
(typical for thle F' region heating exp~eriments), it is sem tha

I() 1,,') for A > 2nTA],(&q)/2iy,)1 4w
* and

F, .- (2nAb/,/1) 2 ((,)2/2) for A < 2,7A(,,/2rj )
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FiGuRE 1. Threshold fields of the instability to excite field-aligned modes with a broad

scatle length ranging from tenis of centimetres to a few kiloinotres in the ionosphere.
Curves (A) and (B) correspond respectively to the results 25(b) and 25(a) obtained with
and without the non-oscillatory beating current.

Note that F0 = + k2V2 + Q'+ v,2 - &A. Therefore, the stabilizing effect imposed
by the non-oscillatory beating current can only affect the excitation of modes

with scale lengths less than a few metres.
The excited field-aligned high-frequency modes can he identified from (2-)a)

*~~~~~~~ and +2b) In2 eihrcs,0+kv~~v . This result shows that (i) the

field-aligned high-frequency waves are upper-hybrid nlodls, (ii) a purely growing

instability can be excited in an underdense plasma, i.e. (,),> (,).

Solving (19) for y gives the growth rate of the instdthility

*~~~ ~~ = .p IebF +W (bkr;) ( 2Er~ji]) (26)

where b = 2m/M + IVk2r,. The growth time of the instabilityN can be defined as

the period for the amplitude of excited modes to exeed~ their thermal level by

five e-fols of magnitude, namely, T. = 5y-1. I E,,A,,,4~ (V in-1) and T, (s) as a

function of scale lengths (A) are plotted, respectively, in figiires I and 2 with thlt

* following parameters used: mln/A! = 3.4 x 10-5 (i e. O1 is thle o1nly ionpeie

conlsideredl), v, = I kllz, (,)/21r = 6 MHz, vt = 1 . x 10' (iili4 1~), .12 = 1.2 11 z,

r= 2-4 x 1( (-2 m, andl I Fl=0. 1 V n-1, The st rikiuig e'Cet of thle non oscillatorv'

beati ng cuiirren t is to raise thle thllreshliold s and i n creasew (dvc rea se) thbe g row l t t ies

(growth rates) of the instability for thie short swale ninle,; (i.e. A <410) Tlik'
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FIGURE 2. Growth times of the instability. Curves (A) and (B) correspond, respectively,
to the cases with and without the non-oscillatory beating current in the analysis of the
instability.

effect is so significant that a minimum (maximum) growth time (growth rate)
of the instability is formed in the metre-scale range as shown in figure 2.

For A larger than approximately 10 metres, IExlmn has a constant value of
1.5 (mV m-1). In other words, the minimum threshold power for exciting large-
scale field-aligned modes by the present instability is independent of the scale
lengths of the excited modes. However, the growth times (rates) of larger-scale
modes are generally greater (less) than those of shorter-scale lengths. The results
indicate that modes with large scale lengths (say, over I kin) cannot be favourably
excited by the present instability.

4.2. Pump waves of extraordinary polarization

In the case of X-mode pump waves, the corresponding dispersion relation can he
similarly obtained from (18) with the substitution of E, = i 1 ,=. It is

ffy + 2t,m/M + i'k 2T./mJ2¢] [y!Q fa/v, + k2c'] +.1 yk. 2
r

.
j

X 21,2'+ r 2) ImMV'e 2kV
(I + 2Q2,/(')') [F 1- _ -,' _ 0 (k/kD )2] 1 E", 12.(7

The positive right-hand side of (27) requires that

- (,J + k~j + ~ + - eu > 2 + j042(2ffA,/A)2.

If an 11F X-mode radio wave is transmitted vertically into the iono shere from
the ground, to = fL2,, + j(U,' + 4())I at its reflexion height. Then,

11 ___ JJ224 i'c + I'. q !.(112 + 4,, )
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cannot be positive in the ionosphere. Therefore, H F pump waves of extraordinary
polarization transmitted vertically from the ground are not able to reach the
upper-hybrid resonance zone to excite the present instability in the ionosphere.

However, extraordinary modes are accessible as pump waves to excite upper-
hybrid waves, if they are incident upon the plasmas from either the higher-
density side or the higher magnetic field side. The example for the former case is
the incidence of pump waves from the topside of the ionosphere. The latter case is
achievable in laboratory plasmas (Porkolab & Goldman 1976). The distinction
between Porkolab & Goldman's results and ours centres on the different non-
linearities of the instabilities. The ponderomotive force plays a major role in
exciting the instability in their case but only an insignificant role in ours as
compared with the differential Ohmic heating force. The marked difference can
be seen from the threshold fields cf the instabilities. Ours (equation (20)) is
considerably lower than Porkolab & Goldman's (their equation (A 10) by setting
y = 0) by a factor of 1[2mn/M + Jk 24]/( 1 - 2,/(o0), which is much less than unity
with the substitution of relevant parameters for ionospheric heating experiments.

5. Discussion
It is interesting to note that the ion-neutral collision term (foes not appear in

the final expressions, although it has been included in the ion momentum
equation. Ion-neutral collisions seem to have no direct effect on the excitation of
field-aligned modes. A simple physical picture can be given as follows. The force
experienced by ions is the non-oscillating self-consistent electric field

Es8 exp (yt)

across the d.c. magnetic field (B0). Two drifts are caused by these crossed elctric
and magnetic fields, namely, a polarization drift (Vp) along the direction of E,
and an E x B drift (V,,), where VP = yE/2i Bo and VD = E, xB 0/B0. Ion-
neutral collisions give rise to additional drifts anti-parallel to V, and V). The
resultant ion drift (V,) along the direction of E, has, therefore, three components:
V? = VP-Pi.V,/y + E. Y B0f/B0. The last term originates in id,, causing drift
anti-parallel to V/). The apparent electric field associated with this drift is given
by E, = - vi,, VdMle. The last two terms can be shown to cancel each other. This
explains why ion-neutral collisions impose no net effect on tile excitation 4
field-aligned modes.

The purely growing instability discussed iil this paper i- similar to the ,s,.il-
lating two-stream instability in unnmagnet i7A plas (e.g. Nishikawa I% 1t)

except that (i) the preseit lirocess takes plce in tlie inlcrlnse regii (i.
0(0 > ft),), rather than in the overdense regiol n (i.e. 01 < 0,,); (ii) the diff rent ild

Ohmic heating, rather than the pon(leronoie firle. is Ihe d o ilillnt noinlinear
- effect. This piaramUctric instability has beer) alisl-\N-ed in a uiiiforil., iiagliitizcd

plasma with appli(ation to ionospheric heating esxlimiuents. We ilo% t ailluate

the influence of ionospheric inhoniogeneity oil the present inst. diilit . ince
ionosl eric inhoniogeneitY tends to impede the (,xif t il ill a -iiiiIlu

pertrbations am indicnted in Troiiso (5 1 i rilii'itl tM ,,. ,f ,! i,,11'1 lhli
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importance of ionospheric inhomogeneity has been pointed out in the study of
other parametric instabilities (e.g. Vaskov & Gurevich 1977: ('ach (t (il. 1977:
Das & Fejer 1979; Dysthe et al. 1983).

The effect of density inhomiogeneity can be seen from (21), which determines
the locations of the instability. Physically, (21) indicates that the upper-hybrid
waves must be excited slightly off resonance. The location for the instability to
have the minimum threshold field isgiven by (22). This height is only about 10 m
above the upper-hybrid resonance layer (determined by r = 0) in the F region,
where r is defined as (,) + J2 + k 2i + v2 - (

, . Let us assume a horizontally
stratified ionosphere and the magnetic dip angle to be a. The excited field-aligned
modes generally have a finite wave vector component k, in the meridian plane,

and thus a component k. cos a in the vertical direction. The modes excited near
the upper-hybrid resonance layer can, therefore, extend to the stable region
(i.e. below the I = 0 layer). Consequently, the nonlinear effect produced in the
unstable region (i.e. above the P = 0 layer) is counterbalanced partially by that
preoduced in the stable region. Higher thresholds for the instability are thus
expected.

The effect of ionospheric inhomogeneity on the instability concerned can be
estimated as follows. The instability zone extends from the upper-hybrid
resonance layer up to the cut-off layer of the ordinary puip wave. This zone is
about 5-6 km wide in the ionospheric F region. At heights distant ftrom the
upper-hybrid resonance layer, F is approximately equal to Q1 rath.r than
P.e o or jo)2(21rTAD/A)2 as given by (25a) )r (25b). The threshold fields of the

instability, therefore, increase by a factor of (,/ov,- 30 for large-st'ale
modes or by a factor of Q,,(2nTA)/A) I (w0 /2l)-l - IOA for I < 4m. Since the
minimum threshold fields shown in figure 1 are geiiraily quite small, such field
intensities may still be reasonably attainable in ionospheric heating experiments
(cf. the pump field intensity : I V m-1).

We have shown that the upper-hybrid waves ('all be ex(ited in the ionospheric
F region by ordinary but not by extraordinary heater waves transmittf'd vertic-
ally from the ground. These upper-hybrid waves, if excited in the ionosphere
above Boulder, Colorado, may be detected by the VH F/UlI F radars at White
Sands Missile Range, New Mexico, and at Menlo Park, Califirnia. T'lhese. lanlma
modes, termed 'field-aligned plasma lines', are found to have narrower spc, I ral
widths and stronger intensities than the plasma lines detectl d by the 43o1 N liz
incoherent radar in the Arecibo experiments (Minkoff. Kug.linan & \VeiTfan
1974; Carpenter 1974; Minkoff & Kreplel 1976). 1llims, strikilig (listill, tions
result from the different origins of tle.; plasma liaes. Th,' ,i.l-aligned" I ,ira
lines (i.e. the upper-hybrid waves), exeited together with Y( ii frequenti i ' -les.
are generated directly by the ordinary heater wave. 'l'h' uenhlne.d pLi1,: lines
detected by the Arecibo incoierent radar, on the ,itlr hand, stem I ,, i the
scattering of unstablh langmuir waves and the orli nar \watir wave fl the
thermal ion-acoustic waves (Fejer & Kilo 1973; Perkins 0 (:. 1974). \%h-r'e the
unstable Langmuir waves are produced by the ordinarly l:iter ia\,,s i:i tara-

metric decay instability.
Our pr(opoi d 'neclh:misnm is fleti' in ,xcititiv .t ii.\ in,, i it , , ait,
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large-scale ionospheric irregularities. A continuous spectrum with scale lengths
ranging from a few metres to several hundreds of metres can be produced by this
instability with threshold fields well below the incident pump field. With tile
background ionospheric inhomogeneity taken into account, the calculated growth
times of short-scale irregularities (a few seconds) and those of large-scale
irregularities (tens of seconds) are in general agreement with the experiments.
Further, the prediction that metre-scale modes have maximum growth rates
agrees with the observation that the largest backscatter radar cross-sections are
associated with the excited metre-scale ionospheric irregularities (Rao & Thome

1974; Minkoff 1974).
Parametric decay instability can be excited in the ionosphere near the

reflexion height of O-mode heater waves. Plasma line enhancement detected by
the Arecibo incoherent radar has been attributed to the excitation of such an

*instability (Fejer & Kuo 1973; Perkins et al. 1974). Our analyses show that upper-
hybrid waves can be generated at heights lower than that of parametric decay
instability. The competition of the proposed instability with parametric decay
instability may result in the 'overshoot' phenomena of plasma lines observed
by Showen & Kim (1978) at Arecibo. The possible process is that the short-scale
irregularities developed within seconds by the proposed instability at lower
heights can scatter the heater waves and drastically reduce the pump intensity
in the parametric decay instability zone. Finally, the applicability of the pro-
posed instability should be pointed out. If the polarization vector of ordinary
heater waves coincides exactly with the geomagnetic field, the instability
proposed in this paper cannot be excited. This is because a perpendicular com-
ponent of the wave field is the driving force of this instability. Therefore. iono-
spheric irregularities are not expected to be excited by the proposed instability
at the equator. By contrast, this instability should operate efficiently at high
latitude,;.

This work was supported by AFGL contract F19628-83-K-0024 at Regis
* College Research Center and in part by NSF grant ATM-8114427, in part by

Air Force Office of Scientific Research Grant AFOSR 83-0001 at Polytechnic
Institute of New York.

Appendix A. Derivation of the coupled mode equation given by (4)

The coupled mode equation derived here describes the process of excit ing high-
frequency modes by scattering the pump waves off the low-frequency electro-
static density perturbations. Mathematically, the coupled mode equation relates
the exited high-frequency perturbations to the pump wave field (E,) and the
low-frequency electron density perturbations (&fl).

Sine. only electrons can respond quickly in high-f'equency fields, tei ion
velocity term in the electron mnoment um equation (2) can be set to be zero. T:tking
the ti n' derivative of (I) and substituting (2) into (i) to, replace iV,./0 I leads to

( n i'n eV 2P-t .
t-I..... .(,,El--P--IV. (flV. ) V.IV. (nVV) (, I)it 2  

E/it
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The subscript e has been dropped in (A 1) since no other species except electrons
are considered.

To eliminate the V. (nV x 2) term in (A 1), the following equation is obtained
from the summation of (2) x 2 and (1). (V x 2):

(_+v n(VxW)'=V.[nV(Vx2)]Ve----Ex2+nVfa. (A2)

Taking the (O/Ot + v) derivative of (A 2), with some manipulation one can obtain

[(t + )+ C2] n(V x 2) = ( +v)V. [nV(V x S]- V.(nVV,)

(a +~ ( P) x (V) -(

(A 3)
Taking the [(a/a + v)2 + J12] derivative of (A 1) and then substituting (A 3) for
[(ca/t + v) 2 + il2] n(V x ) in (A 1) finally yields

a. 2~1F~ e2, ane+ to + Q-2 - • (n E) - 12T L----C-- e-. (nE±)]f~ ]~J + f22 [L
+f Q +V iV.(nEx.-)= +P V.[V.(nVV)]+Q%2 [V.(nV..)]

-0 F +) V.V.[nV(V×)]. (A4)

All the terms on the right-hand side of (A 4) are negligible, because they represent
the higher-order effects. After linearization, (A 4) can be written in the form

+V) +Q2Tn 0 on, eV T V2
+ ) 2 2 [!0 i2 n, + --- . • (i+o 1 )- VlJ

+ 32 ( V +. 1 2] V.

at[- + + ( )

eV. (8nEP) - e- +) V.(9nEjx _), (A5)

where Ej, ni, Ep, and 8n, are the field of the excited high-frequency modes, the
high-frequency electron density perturbations, the pump wave field, and the
low-frequency electron density perturbations, respectively; Vp ha- been replaced
by 3TeVni in (A 5).

In the case of interest, the excited high-frequency modes an, electrostatic
waves propagating across the geomagnetic field (taken along the z axis), namely,
E= -V, 1 . Then (A 5) reduces to

- + " - -- 11- 1 2 V 2  71 0" +" .2 0 -- 2 .-

'2 1 1, V,.(l,) -O ,.(7'F A6
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This is the coupled mode equation given by (4) in the text. In obtaining (A 6), a
uniform medium has been assumed and the Poisson's equation in the form of
n, = (4ne)-'V l), has been used.

Appendix B. Discussion on the beating current at zero frequency

A paradox is discussed in Fejer (1979) as a caution against the use of a low-
frequency beating current term in the wave-plasma interaction. In the following
discussion, we examine the correctness of the zero-frequency (i.e. non-oscillatory)
beating current used in our work and show that the paradox discussed by Fejer
does not exist in our case.

Let us first examine the non-oscillatory beating current in collisionless, un-
magnetized plasmas. To employ the results in the text directly, we let E,, = 0
and then E,11k = k; where E. is the pump electric field, and k is the wave
vector of the excited modes. The non-oscillatory beating current, which appears
in the electron continuity equation, is defined by

Jb = n* Vp+ n 2V,+c.c.,

where V, = -i(e/m) E,/o0 is the electron velocity responding to the pump
field BP* This current is driven by the pump field E. in the oscillating electron
density perturbations 8n,, 8 ne2 of the excited Langmuir waves.

From Poisson's equation,

8n - (k/41re) 0, and 8ne2  - (k2/4ne) D2,

where 0 1 and 4D2 are obtained from the coupled mode equations (5a) and (5b),
respectively, as

•~~ 12 _o 1 -y/~ n,

(2iw, 1- "yl~ E, n (B2)= p P,,'BO

k r no

where 8n, = 8cxp(yt-ikx) is the electron density perturbation due to the

purely growing mode; n0, (op, w o, y are the unperturbed plasma density, the

electron plasma frequency, the pump wave frequency, the growth rate of purely
growing instabilities, and

r - kg' + 0, + , - =,2 = w' + k 2' -w.

in collisionless, unmagnetized plasmas. An additional term, iy/w. has been
retained in (B 1) and (B 2) for exact consistency between Fejer's result and ours.
In reality, this term is negligible in the case of collisional, magnetized plagnin
considered in our work. To be consistent with Fejvr's notation. we let

!1E* = pi Rexp ( - iow t)

where Rp is real.
i: Then,

The 8n,j = -- -- __--- E exp( -.i,,,t)- v X)( -ik ). (B:4)

3SidX 4k I' 2 18
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and V 2~ 1 -iy/to o  R ,
8In,2 P 4he- exp( iw~ot)-L"o exp (ikx +yt). (B 4)

4ne k 1' 2

The non-oscillatory heating current is, therefore, given by

1 cr 2 E sin k, (B 5)Jb = Sn* v, + 8n,2 -- -2w mwo

where oy = (k/21re) (o /r) (8hno) e'/t. This result agrees with that obtained in
Fejer (1979). The charge density (8nh) of the excited Langmuir waves is

Jnh = fnl,+fle,2 +S en n1 + $ = -crsinkx(sinoo t +(y/wo)cos w0 t), (B 6)

which has the form of a standing wave.
We now show that the paradox discussed in Fejer (1979) can be removed if we

consider a four-wave interaction process for purely growing modes wherein the
charge density of the excited Langmuir waves has been shown to have a standing-
wavi format given by (B 6). Accordingly, we replace Gq2 sin (,t-k 2 .p), which is
the travelling-wave format used in Fejer (1979), by (B 6) for the charge density
of the Langmuir waves in the oscillating frame. The charge density in the
stationary frame is then

- 2 sink 2P (Sil& 2t +-K COS ( 2t)0
2

=-o 2 sinkx sin &)2 t+ 1 cosw t) + cos(wo-wo)t

-COS (0 1 + ()2 )t + I [sin (o, + ( 2)t - sin (ld - G2)t}

which has the component,

er2 cosA.-2xAk2 eos ( - _ 2) t _ sin (w1  _ ,.,)2 m(01" (0 2

at the frequency t )2. This component, for as1 = ()2 (')1 , leads to a non-
oscillatory current density as

Y) eE,
Jb=---0 2  sink 2X (B 7)

which is derived from the continuity equation V Jb + ( / t) &nh = 0 and agrees
with (B 5). If, on the other hand, the charge density of Langnmir waves,

-, sin k2X (sin (')2 t + (Y/ )2 ) cos ()

is simply multiplied by the electron velocity induced by the pump wave.

S= (c/1) (-,,/Oo) cos (0 t,

then the current density is obtained as

-= 2 s2in kx e R Psin ((')2 + 0)o)t + sin (")z - ('1
1

)t2 111 (dO

+ -(' )t 1in (,,, ,,,)t

3SNidX-A iNJVM3AO9 IV (i~J1UUd 3]H
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' W,., (00, the 1o-osciflatory (current (ht1,1it \" is

r y cP
0- ( r., --Li)

which has the same form as that derived fion tile continuitY equation shown in
(B 7), atd 11 paradox results.

In coIelu,,ion, the non-oscillatory beatingr current can be consistently derived
ini different ways, if we take into account the fiact that the. phase relation between
the Langmuir waves and the puflp wave is tot random but uniquely determined
hY thie cOulpled mode equations in our ease. This is the key faetor which deter-
mines the characteristic of the charge density of Langmir waves, namely, the
lturmat of a standing wave rather than a tiaVellinlg' wave. The nOll-oSillatorv
lwating c-urrtnt is, indeed, negligibly small iii co lisionless, unmagnetized pflasmas
as (iscus-e(l above. However, collisions ano the imposed magnetie field effect can

change the phase relation between the excited Langmuir waves and the pump
wave. Consequently. 4i ,, and I' are no loniger out of phase in collisional, mag-
netized Ilasmas. As shown in the text, the non-oscillatory beating current is
found to be an important nonlinear phenomenon affecting the excitation of
upper-l hri ( modes anid purely growing imots with short scale lenths.
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Relativistic Adiabatic Invariants of Electron Motion Under ECRH

S. P. Kuo and B. R. Cheo

Polytechnic Institute of New York
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.Farmingdale, New York 11735

ABSTRACT

Three adiabatic invariants of the electron motion under elec-

tron cyclotron resonance heating have been derived. The relativistic

effect has been included in the analysis.'. It is shown that the relativistic

effect always tends to reduce the parallel energy of the electrons during

the early stage of heating.
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Heating of plasmas in the electron cyclotron frequency range ap-

* pears to be a very promising method. This is due in part to the avail-

* ability of a new type of powerful millimeter-wave source, the gyrotron [ 1

." and in part to a successful demonstration of ECRH in fusion research

*-. devices C 2, 3 .. Since the heating efficiency depends on the rate of net

energy gain by electrons throughout the entire period of wave-electron

-. interaction, the effectiveness of the ECRH process strongly relies on the

resonance condition. However, the assumption of an exact resonance

4 condition is impractical in reality, and since a small mismatch to the

resonance condition may mean a strong deterioration in the heating

efficiency, a better understanding of the ECRH process is needed in order

to improve this resonance heating process to become more effective.

Several theories t4-111 have thus been developed to achieve this

goal. In our previous study t53 it was found that the bouncing motion

of electrons could serve to alleviate the detuning effect of frequency mis-

match andzefficient heating could be achieved. It was further shown that

the heated electrons tended to focus themselves to the midplane of the ""

bouncing motion configuration due to the interaction between electrons

and the parallel component of the wave electric field. It worked to en-

hance the confinement of those electrons in an "equivalent" mirror trap.

Our purpose in this letter is to present the relativistic effect on ECRH

process. Three adiabatic invariants of electron motion under ECRH

condition are derived, from which we have shown that on the average over the

mismatch periods the relativistic effect always tends to reduce the parallel

energy of the electrons during the early stage of heating, a similar feature

to that caused by the bouncing motion of the electrons [5).

UI
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We study the problem from single particle approach. The nonlinear

interaction of a single electron with a heating wave of ordinary mode near

a cyclotron harmonic, u) Nn? is analyzed, where (, is the wave frequency,

-2 2 21/2n- =e 0 /ymc is the relativistic electron cyclotron frequency, y =(1 + P /M c)

is the relativistic factor, B is the background magnetic field, P is the mo-
0

mentumn of the electron and N is an integer. The relativistic electron orbit

equations are

d-
= r-,ym (1)

d , -

e[E + (P/ymc) x(B +zB 0 )l (2)

o~

where (r, P) are the spatial and the momentum coordinates of the electron,

is the rest mass, and and are the electromagnetic heating wave

fields of ordinary mode, i.e., E = [Z(k z /k x 3Eand -* c t wvwhkxe,

where E=Ecos(k x + k z-wt) and k = xk + zk . The energy equation

of the electron is

equatins at

d = lm 1

- y- o ()

where Er () asene incoportedto otai and 5t)rnes ao pe oent
Eqaiom5 is then as inegraed forae to etoantchaig v

dd " 2 d

~tF P z = -e k. v/w )E + (k z /W m -Y (4)

(5)

where Eq. (3) has been incorporated to obtain (4) and (5), and P'= P x-iP

Equation (5) is then integrated formally to be

-2-



t t-i j '~dt** t if. f'dt- _" " .
P~e o{P ~ t f 12dt ~ (-~w)E(t')J

=e 0 P ef dt [(kvl/w).E(t')-(k /k )1kv
0 0 ±Z i

(6)

0 -
where P=P-iPo =P e , Oo=tan (v /vo) is the initialphase

0.1. oy O oyox

angle of electron in velocity space, '= n (t'), fW= S (t") and V = vt').

Since the wave field E itself depends on x and z, i.e., the solution

of (1) and (2), therefore, it is useful to define a self-consistent trajectory

prior to express (6) explicitly. Near the cyclotron harmonic resonance,

i.e., w-NQ, only the slow time varying component of the integral on the

RHS of (6) contributes to the resonance trajectory of the electron. One

.can then define such a set of self-consistent resonance trajectory as

t t
v_=v cos( + t + 1fl'dt'), vy=vsin(O +.*+flS'2dt'), x=x 0 +(V /n)

j " 0 0 t

ftdt
" and z=z +f v dt , where v'=v (t') is assumed to retain only those of

0 z z z
0

slow time varying components, * is the nonlinear phase due to the resonance

interaction, and V(o) = 0. Substituting this set of resonance trajectory into

(3)- (5), the governing equations for the slow time-varying components of

the variables y, v;v and .*are derived to be

i C d (cE/Bo)(kz - k? vz/w)(N/a.) JN(C.)cos N. (7)

dto0z z N N

d
~ ~ -(c/B )(k - k v /)(N/a)J"(CL) sif~n (8)

m mc 2 -t y =eE(kz Nf/k v z)JN(e.)coJ8C N  (9)

d2 2"•-yv= -(eE/m)(I-'.k N12/k w)JN(O)cos PN (10)

6 !' " "-3-
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*q t
where 1=k v /S2, PN N(0 0 +*)+k x +k z - f Aw (t')dt', Aw -Nil-

0

k kv, and J and J (c) are the Bessel function of order N and its

derivatives, respectively.

Equations (7)- (10) are the characteristic equations for describing

the resonance interaction between electrons and the ordinarily polarized

heating wave. Two sources of detuning, one introduced by the motion of

the particle guiding center as is manifested by the kzvz term and another

one comes from the relativistic effect 0 = S(t), are included in the phase

equation (8) in which the Aw term accounts for the total detuning effect.

These equations are all coupled to each other; however, three invariants

of the motion can be determined and used for separating the coupling between

each of the rate equations.

We now proceed to derive the adiabatic invariant relations from the

characteristic equations (7) - (10). This will be done by taking the ratio

of the two relevant equations among the four characteristic equations and

" then integrating the resultant ratio to obtain each invariant. Three inde-

. pendent combinations can be made and, hence, three invariant relations

can be derived. We first take the ratio of (9) to (10), the result is then

.integrated to be
2 2

z k O / o ( = constant in time = A 1

Similarly, from (7) and (9), yields

(w/- 2 c 2 )(kzyVz +n! 2/ZN) = constant in time = A2  (12)

- where A2 is related to A The relationship is obtained by substituting (12)

into (11) and using the *relation y =1 +( 0 /k c)2 + (yvZ/c) 2  2 + P /m 2,

*. the result is

-4-
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A =(k 2 k 2 (n/w) r2+(k 2 / 2 Z (uNO /k 2 c z. (k 2 /k 2 )(M~ (A)

0 .. Z(1 0)

(13)

The last invariant is obtained from (7) and (8) and it is

::3"N( o-)sin (k /k 2 t - k ' - ) (k C z (VsS" )(n /k c) ( 2- CL ./V
itN zo 0 0  o q

= constant in time = A 3  (14)

where v = eE/mw.i q

We, therefore, have shown that the electron trajectory in the phase

space of polar coordinates (CL, N) is governed by the invariant relation

(14), which is coupled to the other two invariants (11) and (12). The second

term on the LHS of (14) manifests the effect of detuning on resonance inter-

action, where the first term (yvz-Yovzo) in the parenthesis is attributed

to the relativistic effect and the second term in that arises from the

oblique propagation of the heating wave (i. e. kz 10).
zz

If we focus on relativistic detuning effect only and thus set k = 0,

i. e., considering normal incidence case, the three invariants (11), (12),

and (14) then reduce to

2 22 2 c ZNo
Y vz-.YoVzo (y-y0 )(y+Y-2f/G)(

22 2 2 (6
Y-yo '('-f2 o/ZNk c )(CL %z) (16)

and

3 N(C) sin 0N (yvz - yovzo)/vq = 3 (17)

respectively.

Without the second term on the LHS of (17), it reduces to the non-

relativistic result JN((%) sincPN = constant in time which shows that the

result of resonance interaction is to change u. and tN continuously and

-.i
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simultaneously, following a closed contour in the polar (- N coordinate

space. However, the relativistic effect provides a coupling between v

. and v, as shown by (15) and (16), and also causes the detunlng of resonance

interaction. From the change of the electron cyclotron frequency with the energy,

*this effect can be expressed in a form as the second term on the LSH of (17).

The continuous heating process then cannot be sustained. This effect, however,

can be reduced by increasing the intensity of the heating wave (i.e., v q). From

*, the ratio of (15) to (16), the result of the ratio of parallel energy gain to

the perpendicular energy gain for each electron is obtained as

2- 2 1 , 0Oo 1w

(yIv v- yv)/yv2 vl 0o 1o -jh- + -) 0 +A)/ZA)

(18)

where Aw = w - NQo/y and Awo= Ac(o). It shows that if +AAw < 0, yv

' and yv z change in h different way. Furthermore,if Awo <0 and 6w <0, i.e. Aw 0AW > 0,

then, during the period that the electron gains energy from the wave the mis-

match frequency is also reduced so that the interaction period of gaining

energy from the wave is increased. On the other hand, during that period

when electron loses energy to the wave the mismatch frequency is increased and the

period of losing energy to the wave is reduced. 0; the average over the mismatch period,.the

electron will then gain energy from the wave inthis case. Since the change

of y 2 v z is a small fraction of the change of y v we thus conclude that the

relativistic effect will give rise to the perpendicular -heating and simultaneously

cause the parallel cooling. While in the-case both Aw > 0 and Aw >0, i.e. AW Aw >0,0 0

similar argument gives the conclusion that electron is loving energy to

the wave on the average. Since yv z and yv A have to change in the same

-6-
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manner, i.e., increase or decrease together, the result of the interaction

between wave and electrons in this case is- therefore also to reduce the

parallel energy of the electrons on the average.

In both cases, Jyvzj is decreasing on the average, when A&oA >0.

Since the condition Aw Aw >0 always holds in the beginning phase of heating,
0

on the average the relativistic effect always tends to reduce the parallel

energy of the electrons during this phase.
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Earth's Magnetic Field Perturbations as the Possible Environmental
Impact of the Conceptualized Solar Power Satellite

M. C. LEi

Regis Colleey Research Center, Weston, Massachusetts

S. P. Kuo

Polytechnic Institute of New York. Long Island Center, Farningdahl

It is predicted that the earth's magnetic field can be significantly perturbed locally by the microwave
bean transmitted from the conceptuali7.ed solar power satellite (SPS) at a frequency o" 2.45 GHz with
incident power density of 230 Wjm 2 at the center of the beam. The simultaneous excitation of earth's
magnetic field fluctuations and ionospheric density irregularities is caused by the thermal filamentalion
instability of microwaves with scale lengths greater than a few hundred meters. Earlh's magnetic field
perturbations with magnitudes (-a few tens of gammas) comparable to those in niagnctospheric sub-
storms can be expected. Particle precipitation and airglow enhancement are the possible, concomitant
ionospheric effects associated with the microwave-induced geomagnetic field fluctuations. Our present
work adds earth's magnetic field perturbations as an additional effect to those such as ionospheric
density irregularities, plasma heating, etc., that should be assessed as the possible environmental unpacts
of the conceptualized solar power satellite program.

1. INTRODUCTION simultaneously. Describcd in section 3 arc the characteristics
The solar power satellite (SPS) is a conceptualized energy of the instability and the evaluation of the conditions for the

proposal for the conversion of solar into microwave energy on simultaneous excitation of ,M1 and At in ionospheric E and F
a geostationary satellite (see Glaser [19773 for the details). The regions. The consequence of microwave-indued earth's mag-
subsequent transmission of microwaves from the satellite netic field perturbations its the possible environmental impact
toward the earth naturally gives rise to a concern of the possi- of SPS is finally discussed in section 4 with a conclusion.
ble environmental impacts of this bold large-scale energy pro- .2. 7 SIMUt TANE'OUS EXCITATION O1 6B AND An
gram. The wave-ionosphere interaction assessed by the scien- - / .
tific community includes the substantial heating of the iono- In .' transionospteric propagation of microwaves,
sphere and the generation of ionospheric density irregularities plasmas generally experience two types of nonlinear force
[Perkins atnd Roble, 1978; Gordon and Duncan, 1978; Perkins known as the ponderomotive force (or generally called the
and Glddhlman, 1981; Rush, 1981; GordIon a/Duntcan, 19831. nonlinear Lorentz force) and the thermal pressure force due to

It is shown in this paper that earth's magnetic field can be the wave field interaction with charged particles. If the micro-signficntl perurbd b th micowae bam o th 5P at wave field itttensity is sufficictntly large, a microwave sidebandsig n ifica n tly p e rtu rb ed b y th e m ic ro w a ve b ea n m o f th e S P S a t a n p u e y g o i g m d s s o c t d w th a r 's a n t c
the envisioned frequency of 2.45 GHz with the incident power
density of 230 W/m 2 at the center of the beam. Large field perturbations (B) and ionospheric density irregularities
microwave-produced earth's magnetic field perturbations (611) ((in) can be excited by the thermal filaicntation instability.

are associated with the simultaneous excitation of large-scale The nonlincarity is dominantly contributed from the thermal
field-aligned ionospheric density irregularities (6n) via the pressure force rather than the ponderomotive force.
thermal filamentation instability. This instability excited by The thermal filamentatto tnstablty has been analyzed for
the incident microwave generates an electrotsagnetic sideband radio waves in the HF band [KLA and Lee. 1983] and in the
mode and purely growing modes (613 and 6in). This instability MF as well as the VI.F bands [L'e and Kuo, 1984]. The mait
has been investigated for the cases of the HF ionospheric characteristics of this instability are sutminarized as follows for

heating experiment [Kuo and Lee, 1983], the envisioned MhF a radio wave propagating alotg the carth's magnetic fiel as
ionospheric heating experiment and the VLF wave injection either at R or an I. wae represented by
experiment [Lee and Kim, 1984]. In these three cases, the E(r, t) = r.o(.i -_. i;) exp [i(ko: -- o~:)] + c.c.
incident radio wave is described as either a right-hand (i.e., an
R wave) or a left-hand (i.e., an L wave) circularly polarized Here r,,, k. and oj, are the constant wave field amplitude,
wave. iHowever, the ionosphere does not impose a significant wave vector, and wave frequency, respectively; the + signs
effect of birefringence on microwave propagation atnd the correspond to the R and the 1. wave modes. The earth's nag-
microwave beam of SPS does not propagate generally along netic field or the wave propagation direction has been chosen
the earth's magnetic field, to be the ,axis of the rclhtngular coorditate system

The thermal filamentation instability of microwaves in the The excited sideband mode has the wave field given by
ionosphere is illustrated in section 2 with a physical picture ct = (c,, cos ,y + zr, sin k,) exp (-,t)
that shows how the earth's magnetic field perturbations (MR)
and the ionospheric density irregularities (itn) can be excited where k *.k is the filamenlalion wave vector and 7 is the

. growth rate of the thermal filansenation instability. The excit-
Copyright 1984 by the American Geophysical Union. ed purely growing modes have the general form of AP--

Paper number 4AI IS. 0P(cos A)) exp (1-i) associated with the simtltatncous genet-
0148-0227/84,'004A-I I I5S02. ation of earth's magnetic field perturbalions (i.e., 6P = -Aft)

1 1,043
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( ) Indeed, the relation that t5n x 511 has been round in our pre.
vious studies [Kuo and Lee, 1983; Lee and Kio, 1984]. The

a ft , full expression is
BE x8., 8J aF. xo /0. 21+(2

Ge SA where no(Bu), , ,,, y, A (= 2/k), and c are the backgroundI plasma ldensity (earth's magnetic field), the electron-ion col-
e -lision frequency, the electron plasma frequency, the growth

rate of the instability, the scale length of the excited modes,
bBV3 ®...and the speed of light in vacuum, respectively. It is clear from

(2) that the earth's magnetic field perturbations (bB/110) are
comparable to the ionospheric density irregularities (n/no)
if [I + (v,./yX2ncc//,)j 2] , ntmely, (v,./yX2nc//w,,j) << I.

O f Q Otherwise, the earth's magnetic field perturbations are negligi-
bly small as compared to the ionospheric density irregularities.

B. ) The growth rate (-) is nearly independent of ; (see Figure 3).Therefore, significant earth's magnetic field perturbations are
Fig. I. Simut:neous excitation of earth's magnetic field pertur- associated with the excitation of large-scale ionospheric den-

bations 1OR = - 6D) and ionospheric density irregularitit~s (t5n) by the
thermal tilanienta tion instability of powerful radio waves. sity irregularities.

3. TIItLRMAL FiLA1IENTAIrON INSTABILITY

OF MICROWAVES
and ionospheric density irregularities (i.e., 6P = &t. The
earth's magnetic field perturbations (6B) arc caused by the Although it positive feedback loop is expected for the ther-

wave-induced electric current (6J,) flowing along the X axis as nial filamentation instability, this instability requires a thresh-
shown in the Maxwell equation old because purely growing modes (,B and 6n) are not normal

modes but nonlinearly driven modes. The threshold field (r,j)
* (kz +± sA(4) of the instability is obtained by taking . = 0 in the following

.. c2 & A () dispersion relation [Kuo and Lee, 1983; Lee and Kuo, 1984]:

where 6A(V x 6A = 6B) is the vector potential perturbation; k2 2., + .)

the Coulomb gauge, V . 6A = 0, has been used in (1). Its(7o+ldM +

be pointed out that the earth's magnetic field perturbations, 2

6113 =_--,,,<(cos ky) exp (i-t), occur in the direction of the back- 2 I ,, ,,(.1
ground magnetic field (B0 = -. n). This feature can be clearly Q, ) + . \Tc L0 ) ,
seen in Figture I where a physical picture is provided to de-, 4 d-.

scribe the simultaneous excitation of AB and tin. [4 ( ) - qt - 1PqJI (3)
In the high-frequency wave fields (viz., E, and c,), ions are 3 (1 + Pt - Ptq±J

not able to respond quickly and, therefore, oly electrons can where
be heated in the ionosphere. When the electron temperature oo((o 2 

- W,1
2 -F D0fl,)

perturbations (,') have a spatial variation across the earth's P= (-0 T fl xfo. 2 - to Pe2 - k 2 C2 ) (4)

magnetic field (B, = -11,) electrons experience a thermal pres-
sure force, F,. -- as indicated by the dotted k c2 (w0o- f02)
arrow in figure I. This results in electron bunching, namely, ± - l,,(5)
electron density perturbations ((i). Charge separation thus
formed gives rise to a self-consistent field (AE) that is associ- P.(P ) and q ,(q_) correspond to the R(L) wave; s;, = y + v,;

ated A ith the excitation of purely growing modes. In the pres- f= (,0,, + k 2C, 7 . 1
-
)/

n,

ence of .Se and F,.. plasmas have the (SE x 11o and F, x Bo
types of drift motion. While both electrons and ions move = + %'i.
together in the 4SE x B, drift, only electrons drift at the veloci- = y + 2 !M) + v,k 2 V2/n, 2

ty of -F.. x II,,1e1i02 due to the thermal pressure force. The
wave-induced quasi-dc electric current (6J = i 6J) or the and itn(A), e, fn,., o,,, -_, t(1). and C, are the electron (ion)

* vector potential ((iA = i ,), caused by the F,. x 110 drift, is
responsible for the earth's magnetic field perturbations (611 =
" 6B) that orient along the background magnetic field (B0 =

B) because of AiB = V x ,A. It should be stressed that the s

orientation of AlR along B,, is determined by 6J or 6A induced
by the F,. x II drift. 8 IT

The physical process of producing both ,11 and ,5n is reiter-
ated with the aid of block diagrans in Figure 2 that display a
positive feedback loop for the the thermal lilamentation insta- a
bility. rherc are two points to make: (1) bn and ,IJ (then, D)
are induced in proportion by F,.. and one thus can expect that
AB ac An. and (2) 6n caused by the spatially varying i7; rein- Fig. 2. A poiti,6e feedback hoo'p for the thcrmal filamenlation inst,-
forces the nonuniform electron heating that yield,% 17; in turn. bitity.

.- '+;. .:" .). ' ; ? . - -' : ... .... . . ..
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mass, the electric charge, the electron gyrofrequency, the ion caused by collisions, the threshold field of the instability given
plasma frequency, the ion-neutral collision frequency, the dcec- by (6) is independent of the collision frcqucncy consequently.
tron (ion) thermal velocity, and the ion acoustic velocity, re- In contrast, the growth rate is proportional to the collisional
speclively. frequency. This is because the collectise oscillation (i.e.. the

This dispersion relation can be much simplified when it is ficld-aligned purely growing modes) relics on the cross-ficld
applied to the case of inicrowave-ionosphere interaction. The mobility that is facilitated by collisions.

relfect of ionospheric refringencc on microwaves is relatively Our theoretical model, which is now applied to the stud) of
*immaterial because the microwave frequency is larger than the microwave-ionosphere interaction, was originally formulated

electron gyrofrequency by three orders of magnitude. There- for wave beams with large cross sections propagating along
fore, (4) and (5) can be approximated by P1 -.= I and q-- the geomagnetic field in the ionosphere and in the mag-

_+ -,, respectively. The polarization of the microwave is as- netosphere. The inhomogeneity of the background plasma
sumed to be within a meridian plane for the efficient cxci- density can be reasonably ignored in our previous studies of
tation of field-aligned modes. VLF, MF, and HF cases because the proposed process be-

The threshold field and the growth rate derived from (3) for comes effective for modes with scale lengths less than the scale
this case are given, respectively, by sizes of the background plasma density gradients by at least

. k2 V,:l ~two orders cf magnitude. I lowever. the applicability of our
0.6 k -+ (6) model to the case of microwave-ionosphere interaction needs

P7W (O,- to be examined carefully because the microwave beam is

and about 10 km with a propagation angle (i.e., the angle between
the axis of the microwave beam and the magnetic field) of. say,

y = ( )[-a + (a2 + 4h)1 2 ]  (7) 450. The inhomogeneity effect imposed by the microwave

where t'am, i.e., the heat conduction along the magnetic field,
cannot be neglected in this case. Therefore, the parallel scale

a = 2vj(m!A) - (Cop,r0/c(e,.,h)2 ]  length (A). has a given value of the order of the beam size

b (-10 km) rather than the scale size (-50 km) of the iono-
b --- 8(1,CJzfle2 )[(/ 5 )2 

- Ispheric density gradients, namely,
The threshold condition shown in (6) is determined by the
energy balance between the driving (heat) source of the insta- All = L/cos 0 = 10 km/cos 45' - 14 km

bility (i.e., the collisional dissipation of microwave pump and where L and 0 are the beam size and the beam wave propaga-

the excited sideband mode) and the damping processes denot- tion angle, respectively.
ed by the two terms: 2(nz/A1) and k 2 

V,,!2,
2 . These two damp- With the inclusion of a nonzero parallel wave number

ing terms, appearing in the electron energy equation, represent (k11 = 2n/,;.,), equation (2) ismodified as follows:
the collisional damping of the heat source and the cross-field bn.. 2ne 2] /) lfB\
beat conduction loss, respectively. The former term dominates - - I - v. ( / + -- (2')
o ve r th e la tte r te rm if th e sca le le n g th (Q = 2 nt/k ) o f th e in sta - , I . \ 2i- W % ./ L ,v [ 1) /

bility is larger than (2A1/'n) 2 V/l,; it is reversed otherwise, where -., and ;-,, are the perpendicular and the parallel scale
Since both the driving source and the damping processes are lengths of the thermal filamentation instability. If the newly

added factor, [I + (/,.v,,X,../.ll) 2], is much greater than
unity, viz., ( ,,.rJvX l./A)2 >> I, then the product of

10 3 (v,/IyX2nc/ 1.o),) 2 and ./2 can greatly exceed
unity and consequently, the geomagnetic field fluctuations

102 may become insignificant. This situation occurs in the iono-
Ch 10' ispheric region where ',v+, is rather small compared with fl,.',.

(V/m) The finite parallel wave number (ki,) gives rise to a heat

top conduction loss along the earth's magnetic field that intro-
duces a new term in equation (6) for the threshold condition of

102 to
3  the instability, that is,

' e0 k ,O o 2 m k , r , ' k ' , ) 10.- +- - (6')

(sec 
)1

The third term in the parentheses corresponds to the parallel

heat conduction loss. As mentioned before, 2m/AI , k, 2t,2/
f ' .2 for the excitation of modes with A, >> (2AI/Pi)' 2

7Wi,!f,

i2-0' 0 -- o -------------- ----- I I m, for instance, for the I region parameters: f(O* ),,n =

16 x 1840, v, =1.3 x 10' m/s (i.e., T, - 1000 K). and Q,/2nr =
1.4 MHz. However, k1 1

2 ,2/v,
2 may be significantly larger than

( B/no) 2m/M for a small v., The threshold condition 16'1 in such a(&n/no)
case is thus determined primarily by the parallel heat conduc-
tion loss and it can lead to a highly stringent condition for the

instability.
101 102 103 We examine the effects of a finite parallel wave number on

Xlm) the proposed mechanism in the ionospheric F and 1 regions

Fig. 3. The threshold field (:,. the growth rate fy), and the ratio of separately. For 21 = 14 km and the typical F region parame-
(6BiBo) to (l6n,'n,, as a function of the scale length (A). ters: M(O)/rt = 16 x 1840, v, = 1.3 x l0' m/s (i.e., 7;
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1000'K), 0,/2n= 1.4 MHz, w,./2n 6 MHz, v,. = 0.5 l{z, of (./(),0, Xi 1w,/27rc)l 1.2 x 10 2. That is, 6BIB o is less

and v, = 500 I z, k 2 t',2 /v, (- 1.36 x 10 - 2) is much greater than ,n/%o by about two orders of magnitude in the case of
than 2ni/M ( 6.8 x I0 ' ). The parallel heat conduction loss, microwave-ionosphere interaction. The earth's magnetic field
therefore, enhances the threshold field by a factor of perturbations can bc quite significant ecen when 6B/Bo
(k 1 v,/IvXM/2m)' 2 

_ 14.2. The new factor in (2) is 10-2 6/no, which are associated with nodes vith scale lengths
less than the beam size by about one order of magnitude. For

[I + (O,.flt',/vjv,.z/ .Xf ] ~ 1.34 x 10" example, 6B = 5.3 and 36.2 gammas for . = 500 m and 2 km,

for ). 500 m. With this large factor, (2') can be approxi- respectively, assuming that Sn/n 0 = 10%. They are com-

matcly expressed as parable to the intensities (typically, tens of gammas) of gco-

6n/no [1 I+ (Q,. ,/v,,X2nc/Aw,) 2](6BI/Bo) magnetic field fluctuations during magnetospheric substorms.

1.7 x t0
6

(6B/B,) 4. DISCUSSION AND CONCiUSIONS

In summary, our theoretical model originally developed for
for thle estimated y l0-- si. The excited geomagnetic field a uniform medium has been modified for application to the
fluctuations, 5B - 3.0 x 10- 3 gammas for 6n/n 10% (cf. study of microwave-ionosphere interaction. The inhomoge-
the background geometric field, B = 5 x l04 gammas or 0.5 neity effect of the background plasma density on the thermal
G), are negligibly small. We thus conclude that the large heat instability considered by Perkins and Valeo [1974] has not
conduction loss along the geomagnetic field inhibits the pro- been generally treated in our model. Nevertheless, the strin-
posed mechanism from producing significant geomagnetic gent inhomogencity effect imposed by the microwave beam,
field perturbations in the F region. i.e., the heat conduction loss along the geomagnetic field, has

As shown below, the condition for the instability is quite been taken into account. This effect enhances the threshold
different in the E region whose relevant parameters are taken fields of the instability and inhibits the operation of the insta-
to be M(NO0)/m = 30 x 1840, v, = 4.0 x 104 m/s (i.e., T, bility in the F region but not in the E region.

200"K), f),/2n = 1.4 MHz, w,,/2 = 3.0 MHz, v, = 1.0 x 10' Earth's magnetic field can be significantly perturbed locally
Hz, and v,. = 1.0 x 10' 1Iz. The parallel heat conduction loss, by the conceptualized solar power satellite (SPS) that trans-
k1

2v,2/v, 2 - 3.8 x 10-", is drastically reduced by the large ef- mits a microwave beam at 2.45 GHz with power density of
fective electron collisions contributed dominantly from the 230 W/m 2 at the center of the beam. The earth's magnetic field
electron-neutral collisions. The parallel heat conduction loss is fluctuations caused by powerful microwaves via the thermal
greater than the cross-field heat conduction loss, k 2 v,2 / filamentation instability are a transient phenomenon. Tfiis fact
- .fl, 3.3 x 10- (for . = 500 m) but very much less than can be seen from equation (2), or generally equation (2'), which
the collisional damping of the heat source reprcsen ted by requires 6BIBo = 0 when i = 0 for the equilibrium condition
2mi'M - 3.6 x 10- ' in (6) and (6'). The factor associated riith

either before the onset or after the saturation of the instability.
During the linear stage of the instability (i.e., y = a positive

m and 11.00 for 5 km. These calculations show that if constant), 6B/Bo and 6n/no are related in (2') and significant
<< 1, the parallel heat conduction loss hardly affects the magnetic field fluctuations can be produced. The duration of

operation of the proposed instability in the ionospheric E manet hefutaon can be produced the rtthis transient phenomenon may be estimated from the growth

region. The characteristics of the instability, given by (2), (6), rate of the instability. If we roughly define it to be the period
and (7), remain nearly unchanged except for a new factor, for achieving the seven e folds of magnitude above the thermal
[t + (ern.ep/sein the ef appearing in (2') and the values ofncy fluctuation level, viz., 7y-, then it is of the order of 20 s.
therein representing the effective electron collision frequency The simultaneous excitation of earth's magnetic field fluctu-
that is approximately equal to the electron-neutral collision ations and ionospheric density irregularities is achievable
frequency in the E region. within a minute by the thermal filamentation instability with

[or the excitation of modes with A, >> (2M/ni)"27nifle scale lengths exceeding a few hundreds of meters. The ratio of
4.7 m, the threshold field of the instability is mainly deter- (6B/Bo) to (6n/no) reaches a constant value of
mined by the collisional damping of the heat source; namely,
(6) can be written as (yv,/0fl,njX. 11w,/2nc) - 1.2 x 10-

IeE,A/mcj = 0.6(w o/D,)k,.v,(2m/M)iI"  for kilometer-scale modes, indicating that (6B/Bo) is less than
(,n/n,) by about two orders of magnitude in the microwave-

Hence, the instability with scale lengths of, for instance, 500 m, ionosphere interaction of interest. Earth's magnetic field per-
2 ki, and 5 km requires the threshold fields to be 2.5 V/m, turbations with magnitudes (-a few tens of gammas) com-
0.63 V/m, and 0.25 V/m, respectively, which are computed parable to those in the magnetospheric substorms are predic-
with i 0/2n = 2.45 Gllz. vw,./2n = 3 Mtl, M(NO')!m = 30 ted. It is expected that such perturbations can affect the orbits

x 1840. and ', 4.0 x 10' m/s. They are significantly less of charged particles to cause particle precipitation and airglow
than the assumed incident microwave field intensity -300 effects. Our present work adds the earth's magnetic field per-
V/m corresponding approximately to a power density of 50 turbations as an additional effect to those such as ionospheric
W/m 2 that is about one fifth of the maximum intensity at the density irregularities, plasma heating. etc., that should be as-
beam center. The corresponding growth rates are 0.428 s- % sessed as the possible environmental impacts of the conceptu-

0.474 s- 1, and 0.50 s- and (,5lIio)/(,6n/no) - 1.06 x 10-3, alized solar power satellite program.
7.24 x 10

-
3, and 1.12 x 10-2 for , =-500 m, 2 km, and 5

km. respectively. As a function of the perpendicular scale Acknowl'dgments. This work was supported by AFGL contract
length (;,). the threshold field (r.,), the growth rate (y), and FI962X8-3.K-0024 at Regis College Research Center and jointly in
(61J,n/~l~/no)are plotted in Figure 3. part by NSF grant A*UM-9315322 and in part by AFOSR grant

AFOSR-83-(XX)l at Pol)cchnic Institute of New York. The two refer-
We note in (2') that when the factor [I + (,fl 1 / ms' comients are greatly appreciated.

v,,,,;/;.)] is much greater than unity for kilometer-scale The editor thanks the two referees for their assistance in evaluating
(say, >5 kin) modes. (, I/IJ)i(6n/no) reaches a constant value this paper.
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Abstract.. te lovestijte thm excitation of a purely growing odulettonil * 0 or 1. ))

ode tiether aith two lower hybrid it,eands bf a loer hybrid pump. The A )o (4)

*" condit Wn. 'k /kj I ., e to e satisfied for the Anstsbl
o  

4n * lb I I. a lHap 0hr.. S. 1± 1 H1 0. 1 ,1:- i-)-#kl~/o+:]at *
)

lty. whore !k,,/k:,! is the ratio of the pyrpendicular to the portllel ($)

scale lentths of the lower hybrid yta. The peowth rota of a.. Insctbll-

try I. found to bh quite large for the p-uer densIties e.plo.cd In the 
0° 0 01 0 
k 
0i 0 0

lowet hybrid hearing experilents in large t'-maks,. dat - * O. 't)
t
O (7)

I. Introurtton Iith the ead of (3) - (71). two thing have been noted from the RhS

The need of uppiementary pi a.. hetier In magnetic funler. devtce of (2): ritly. the too-noninsorty is,. ae relatively trltr.ifitctIt

b:: beon generaell tecognised for achIeving the operetlonul teoprtures competed to the olectron-nonlioeetity terms,; Secondly. the nonlinear

fot fuion poer production. Amonf vrOntun RF h.:ting echees. lower beating current 'Ifect it partially cancelled by the pondtomocive force

hybrid wave. have received much attention n only for plano. heating effect. Therefore. the electron-fnonlineanfty term that genuins on the RhS

(e.g..Focki 1977) but else fo, ploune cofi-.rent(e.g. . Pioh, 1978) of (2) 1. -. Yhu , contributed from the indited nonlinear beating

purposes. The effectiveness of these procesueo relies on the penetration Current flowieg elong the impoe4 -gnetic field.

of RF wave energy into the Interior of the plo-mas. Hence, the self- Eliminer ir,% %S and . fro. Equations (1) and (2) leads Lo the

modulationl effects on the lower hybrid wve propagation are bhlteed dispersion reic',on

to be Important an this aspect (e.g.. ocalos -d Let, 1973). In this IC
! 
- [ l + + . )

paper, we perform a Itnr stability anolysee .f the modlrItoni in- 0 2 C 02 0 pi 0 0 02 01 0 *0

etability whereby p purety :roing modulotionol .ode together with t-InI' 3 Il b:C/1i 1
1 (+)

loner hybrid stdeband ore e..it d by a o.er hbrld pump w-v. where 4 * ke;O/n . for a purely groloog ..od (.a.. we l), the

2. Cenele ..,de e rior4 growth nate obtalned from (8) is given by... .e te pope~lo o • ov b r.p ... , ;.-Pt V - k,((( I -' - m/ I + Hit' /.i' )(0' .- )1,#1'"
W'e covcider the propagation of a lower hyrtd ypm vee ep fh ( ,. h

2
0/1* 1-1 onin 0. 0 + ,31. a0one• pic l . nae. o p

i(ko - _ - wo
0  

Ic a ufonr, collitionleus plasma embedded in a C, I + k C /eYY I (9)

Cooetaetaigagetic field 5 1 .f 1 Here. 4 1. the loer hybrid woo 2

field potteil' h fe yb + zko) and ace respectively. the wave Since y has to be positive for Instability to occur. It 1s clear from

vector ond the angular wave frequency of to lower hybrid punp that 
(9) thar (1) Ikh/o , pt 9. .iie (0)

atisIrfs.the dispersion relation: w e ,IH,(I ko /kotl i Baeyr. the t4*io of the perpendicular to the parallel scle lengths

where w RI + 1. 
)  
1. the lowe. hytrid reeonance frequency. @1 -e .i' 1y"Ir d pump wave ha to he los thae the ratio of the ton"K p " I. plasma f,eq .... y to the electron gyrofr*q e..., (11) Io ~tf

The pal eters. m. o 91(op.). and 7e are the rato of ton to electron

m es. the Loo(nlectron) plas.m frequeocy. and the electron gyro- sge)(71 . oP 3'I (Clbk)(1 + Kit/b *1)%4 •otA b'

frequency, Teipectivly. the pop field Ionenutr repteeented by 10I hon to be greater
The preress under coneideration to a muttional nstability than a threshold defined by 17 h.*

whereby the lower hybrid pump wve ( .. hoexcttes two loer hybrid Bide- T - -

bends (o. It) end a purely Irwttin& moulat.-on. mode (.,t. This procees OT g p 01 oiuw

can be deacribed by the following frequency aid wave vector matching 1(2 - 17oibl oJ 3 • In this op
t

.-um C.; and for a strong lower hybrid

relation.- - - w and 6 - it / herek /h. pump weve. (9) sty be eapre,.ad &"

Th. lower hybrid tdeb.. re excited thr-ogh the batong cuerent i.. I I(V'/2, l _ + .. )%(I( + k0 3 ( 1b O1)1 (12)

density drtven by the iower hybrid pup field on the density pertor-

batfona a -no Hoplh e r - w1 . nf the erao-fequenoy eodulationai which Is propctlonal to the wave length of the modulatioul Instability

"ode. 4. Suemmryend nenlcston$

The condition and the threshold power h-,e been darned for theros the Poilenoul eqootion. k
0 

A, - loeC+nt  - Ine3 * here the
4 . tO m odolstlOnul il,.:abittty of luer hyhrid w~ee as shown. reopoectieely.

ion and eletron density perturbtons 
(int and an,,) aseociated with

In (10) end (III. Th. nonltnea-ity for the .. ittlon of purely 91owin' t

the inner hybrid lidebands ere give,. respectively by In,. - (noi/K. I
n dmdes providd by the eonoevillatory beatia current in the direction)k(t •(kl/~l(o/Z~o~~zno |

and Sne. - o/ ( kol na

n00 02 t of the imposed noictl field. For the power denitlee tenmo, used in
/b .

0
)k Jo + (lb /k)(0/0t70($ Ino ]  

the oupied mode equatioo
00o0 - -a nI H the lover hybrid heating experiments In large tobasols, the grooth rate

lothe lover hybrid sldebnds is obtaicned as
give in (12) 1. frond to be quite large end It coners a broad uPectluc.

- 3 - (h. o/ l )( 
"
/u w0h~ 

k
I h )( 

- l
/ 

" 
L n L (usp i ta 1o) ( .
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(0 ) Howven r. It ehculd ie stressed that the spatlil Undulation cg, the leter

where the relations have bean used. hybrid pup WivE es discuu.d here only ot's .. th re.ocan e tegiof

where the conditiot. lbo/hoi n 
0
pi/a . nn be uattef Led.

The nnttnear eafects responsible for the excitation of 
the purely wefecon o pie

Srolng mcd ltt. od incl.re thenoniLneur beating curren.t and the

pondermoive force apyearlnr. respectively In the continuity equation
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Abstract. ite Ionosphere snd the *amnetaphere nay he sipnifflaanely tat turns Of to he idrodct of the s-a, I-rhs he s h -

snolilod by the Injected VLF .? .aee ci he tbe-ro.c laentatfIamaChb- uO .frteinlt .I a
In s(3an d tie etlar to be Ianade f .h/tc, eh . Is of the erdhr

11, anfI. yrdof 20 (a1)0" Ut) In the tainecnsphrrt at L " .0 tin fit fcnop e1iC

V IrlIloi). The It1,¢ 1 tjr,.!a. prepagatln In the non-dute.d vhlsleo

. fotedetln . have ( ) Ir. the e gnttoapherr at L - 4.0. The otobati ity

Un VLf sane injection experints perfoned, for examipl. at Sipie. foe tleirt.F the Stple s1iegale in the deied whintler node I. about 20-.

Attstic.. t1t Urcnd-asb d teannittnt sre us.
,  

..pecad Ir The Ucnoi'h .ta can be intrea..d by ta, to three order, of agntde In

pulsed-wve aode vlth duration& of a le aecond,. The V1F vane polace the dacted wih.tlr propagation. Theefore, if shc Slple transaliter

avt bee voed to Stud, coheren.t so-prtiCil Untery-ttan, In the iptI for a faw tonuts, the efe-a filanraton Inatollry

e esuch as th e a vpjffcato.. the triggering of wt-e en tolt- In the smag-tn alhre at L - 4.0 the platm. decltv flnctu-

elsns, the Induced paeti:le precirlratlon etc. (aee. a... hellivil, riton& with scale lenfths preoter than trn of kttloeters. Thi lo-

1963). * shew In CIts paper thet it the transnltters are operated altatlity :n also be excited is the ionc'phelc F regi n by the K!

coit+iou-1wf:• I r .is. el inficant Ionospheric and mag+netolphericI~ e
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ON TIE SPREAD F ECHOES FROM TIIE IONOSP|HERIC HEATE) REGION

S.P. Kuo
Polytechnic Institute of New York, Long Island Center

Farmingdale, NY 11735

M.C. Lee
Regis College Research Center, Weston, MA 02193

ABSTRACT

Four invariants of the ray trajectory are derived for a ray propagating in a horizontally strat-
Ified Ionosphere under the density perturbation of HF wave-induced field-aligned irregularities. The
reflectIon height of the rcy can then be determined with the aid of those invariants. The results

* show that the reflection height of the ray varies drastically (namely, strong spread F echoes) it- the
-presence of irregularities that poJarize in the magnetic meridian plane. by contrast, the reflection
height is hardly affected (ramely, no spread F echoes) by those irregularities that polarize in the
direction perpendicular to the meridian plane.

1. INTRODUCTION ,

" Spread F that refers to diffuse echoes on an ionograms from the ionospheric F region was ob-
. dserved in the.iono.spheric heating "experiments conducted at Boulder, Colorado (Utlaut, 1971). This

Ionospheric phenomenon is generally believed to be caused by the excitation of large scale (a few
hundreds of meters to kilometers), field-aligned ionospheric irregularities. However, spread F is a
rare phenomenon in the e)peritents at Arecibo, Puerto Rico (Showen and Ki, 1978) and it has not been
observed at Tromf,'4, Nor-.ay ,jrice the new European heating facility has been in operation (Stubbe et
al, 1982). Evidences. such as radio star scintillations and the anomalous absorption of the diag:os-
tic waves throich the ionos:Ileric heated region, indicate that large-scale ionospheric irregularitiet
have been excited by 1IF lhcater wav,., at Arecibo and Troms6. A lack of spread F echoes does not iiw.ply
the absence of hter wave-induced ionospheric irregularities. This may be due to the difference In
the polarization directions of the liF wave-induced irregptlartirs. In general, field-alined irrcg-
ularitfs may have two independent polarization directions. One lie.- in the meridian plane and the
other one Js in lhe direction petpiidlcul;ir to the netridian ] .ne. The theoretical resultcz of filalnen-
tarpon ftnsr-nbl) :I" in r'agn'to-pl;:ria5 (;.2ro snd Schmidr, J983) also show that the irregulatities ex-
Cited by the o-v.cde p::>p and by the x-mole pump hiivo diff.-rent polarizcation directions. The irregir-
larities cxcited by tie 0-;pury aie ficild-alig i d rnod aie polariced in the di rection perpen dicu-
lar to the mfirldian plane. By contrast, the irrgefar itin. excited by the x-niod pump are polarized
In tre meridian plane and arc., in gneral, not field-alit:ned. However, the field-a]ipeed nature of
the Irregularities may be established to reduce the diffusion damping along the magnetic field.

In the present work, the relat-ion.hip between the spread--F echoes .incl the l1F tave-inruced irreg-
ularities is e;trdled. The prim:ary fur[poS;e of this study is to detcrcinine the effect of the irregular-
Ity cI CarizationS on the V.re.d-F Icho, in sction II, the ray trajectory equation!; are analyzed to
study tLe wave 1 rot.aation in a horizontally stratified ino:;phere under the den!;ity perturba tion of
the Il' wave-induced field-alifnud irri:gularitics. -ain result!; are illustrated in Figures. Conclu-
sions are finally drawn in Section III.
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II. MODEL AND ANALYSIS

We consider a horizontally stratified ionosphere having a scale length L. Thus, the unperturbed

electron density is represented by o(x) - n 0(1l+x/L),.where x is the vertical coordinate and no-no(o)

Is the electron density at the reterence plane x o located at heitht It. Wihen field-aligned irregu-
larities are present, the background electron dcnsity distribution is perturbed. Thus, the total

density is the sum of the unperturbed density and the fluctuating densities of the irregularities.

For those irregularities which are field-aligned in the magnetic meridian plane, the total density

perturbation is simply expressed in a form of 6 rql sinkl(x co€ do +zsin 0o),vlhere 2s/kl - Xl is the

avezage scale length of the irregularities, 00 is the magnetic dip angle, and z is the horizontal

coordinate as shown in Fig. 1. Whereas, the density perturbation associated with the irregularities

Ux

reference

plane

BO H
IONOSONDE {
Fig.'1 Coordinates used in the analys.is.

.which are field-aligned in the direction perpendicular to the mnagnetic meridian plane is rodelled as

6n2 si"' ([ 2 y+"), where X2 = 2jr/k 2 is the averaged scale length; y is the coordinate perpendicular to

* te meridian plane, and 1 ic the arbitrary phase angle..., ;In tbis model, the total electron density

distribution, 7():) is then composed of three components, viz.,

i(x) - TO(I+x/L) +6n 1 sink1 (3cos Bo +z sinOo) + 6n 2si n (k 2 y+#) (1)

For simplicity, the effect of the geomagnetic field on wave propagation will be neglected 1n the

0 following analyses. The dispersion relation for the wave propagation is thus given by
2 2 k2e2

.2 2 2 (2)

where wand k are the wave frequency and the wave number respeatively, and

to 2 2 l+x/L 4- (6n /no)sink (x cos 0o+z sin )+ (S2/h)sln(k 2 y4)] (3)

S in-e, In reality, tre lorosode antennas radiate radio wave beams with finitc cross sections and

spread an-glvs, so it is more appropriate to consider the Lr.in;mitted pulses to be composed of rays

whose initial wav(- vectors and tie horizontal locations on the reference plane x=o are all differ-

ent. The trajectory of each ray is then governed by the folloviug set of characteristic eouations:

d k c 2 /w (4)

dt x
d e2

y - k c/
dt y
d kz2/d z - c 1w (6)

IIz



d 2
k- - (w /2wL)[1+ (Sn /no )(k c o s  )o s k (xcosO +zsine o )o(7)

dt ky 1 0 1 02ok 1(k2+

d k (W 2o/2w) (6ri /n )kcos (k y+) (8)

d k- - tan e (W 2o/2wL) (n hn ) (klL cos Oo)Cos k (x cos 0 + z sin 0 (9)
dt 0 P 1 0 1 o o0 (

where Eqs. (5) and (8) form one set of coupled equations, and Eqs. (4), (6), (7) and (9) form the
other set of coupled equations, but these two sets of equations do not couple to each other. how-
ever, those coupled equations can be separated by the invariants of the trajectory derived as
follows. We first take tne ratio of (5) and (8), which yields

2
12k c

dk 2 (0
y Wpeo (6n2/no)k 2 cos (k2Y + 0

Integrating this equation glves the first invariant of the trajectory
2 2 2 2 c2/ 2

(Sn2/h0 )Sin(k2 y+ 4) + k2c2/W2 o constant in time = ( T/qo)sin(k2y 0 )+ kc/W peo (11)

where the subscript o represents the initial value.

We next substitute (9) into (7) to yield
d2

d (k -cot 6 k) /2L (12)
dt0 z peo /w

Integrating (12) from the initial height x o of the ray to the new height x at time t, leads to the
second invariant relation . "

k -cot 0 ok+ (W 2o/2wL)t const. in time=zk -cot 0 k (13)
oz peo xo o zo

We now construct an equation by first multiplying (4) and (6) by cos 0 and sin 0 respectively,
and then suimning them up. The result is 0 o

d 2 1)( oa+ksn04S(xcose 0  +zsinO) = ( c 1u)(k cos 0  +ksino) (14)

Two additional invariants will be derived as follows. From the ratio of (14) and (7), we obtain

d(xcoro0 --zin sino) 22. k Coso +k sinO
t2c .x e z 0 _______

dk 2 1+(6nl /n )(1: .cos o  cos kI (cosO + zsin o)
X 1(0 0 0peo

(15)

" With the aid of (13) and (14), (15) is integrated to obtain the third invariant

x+(tan2 t /2)z+(6n/)L(cos 2o/os 200 )sin k (x cosO + z sinO ) +(c2 L/ui

22
(k + tan 200 kx k) const. in time (tan 20o/2) zo o (6n InLcos0Cos 20- - /cos 20

2 2 2
r.in(kz o sine ) + (c L/w )(k + tan 20 kxko) (16)

10 0pea xo 0 XO ZO (6

The fourth Invariant is obtaIned from integrating the resultant equation defined by the ratio of

(I4) and (9). It is

3J
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22 2
(tan 2o /2)z + (6n /n)L(sin 0/cos 2 0o)s1n k (x cos 00 + z sin ) + (c L/

1 pea

2 2
(-k +tan2O kxk) - const. in time (tan2uo/2)z o+ On 1/n0)L(sin 0/ws2o)sin

(k z slit ) + (cL/ 2oo) (-k + tan 20 k k (17)
(a 0 peo zo ox0o

However, the sum and the difference of (16) and (17) give muc'i simpler forms of the invariants.

x + (6n /no )L sfn k (x cos 0 + z sin 0o) + (k2c2 / 2 e )p - (d I/n o)L sin (kI z sin 0 ) +
(18)

k2 c2 L/e2
(o) peo

and

2 2 .2 2
xcos20 .+ zsin20 0+ (lno)L sink,(Xc o + z sin 0) + (c L/w eo)[(k x-k )cos 20°

+2k k sin2o] - zosin2o + (nl/ )Lsin (klzo s i n o )+ (c2 L/2 2)[(k2 _ k 2o ) c o s 2 o

X 010 0peo X0 Zo o

+ 2k Xo k sln 20 0 (19)

We have shown that the trajectory of each ray is governed by four invariant relations (11), (131,
(18) and (19) that are derived from two sets of coupled differential equations (4)-(9). Hence, the
temporal evolution of any one of the four variables x, z, k and k, and either one of the two vart-

t . Z9

abler y and k , can be determined, with the aid of these invariants, by the corresponding rate equa-
tions, viz., quations (4)-(9). The elapsed time for each ray traveling from the reference height to

the reflection light can in principle be determined by integrating (7) from k -k to k =o, with
the prescribed initial conditions: x(o) -o, z(o)= z azd k (o) = k . Since the Uens.ty perturbation
6T2 produced by the irregii.arities oriented in the direcibn Iperpenicular to the magnetic weridian
plane does not appear in Eq. (7), the reflection height of each ray is thus not expected to be modi-

fied by the irregularities oriented in the direction perpendicular to the meridian plane. However,
the deni.ty perturbation 6ni produced by the irregularities Lhat are oriented within the meridian

plane can affect the reflection height of the ray as seen in Eq. (7). One way to show this effect is
to integrate Eq. (7) numnerically. Nevertheless, the main purpose of the present work is to give a
physical interpretation of the spread-F echoes, our model will be further simplified to minimize the

l merical analyses. It is assumed that k =o and the temporal variations of k and z can be nm:g-

lected. Therefore, only Eq. (18) remainszor further analysis. It becomes Z

i 2 2 22 2

x- (6n/no)I. sin (klxcosO ° + fi) + kxc 1./cpeo (ri 1 /no)L sin 1 
+ k x o c L/w p e o  (20)

where Y1  zsInO"

At the reflection height, we have k -o and x-x in Eq. (20), where x is determined by the

equation x r r

+ (Sl./rno)1, sin (k x cos 0 + On / )L sin + k 2 c2L/w2 (21)
r r 0 1  xo peo

Equation (21) shown that the reflection height of each ray varies with (1) its initial location z o

on the reference plane, (2) the Intc- esity (6ri]/rio ) and the averaged scale length (2nkl ) of the

irr iglarities, aol (3) the margetic dip angle %* . Therefore, If the lonosonde radlaticn beam is

model]]d by many ray:; havli,g ditferont initial locations on a reference plane, the spread--F echo can

then be interpreted to be caused by the different reflection heig ht of each ray. The virtual height

spread is thus ptop'ortional to the maXimu tm difference of there reflection heights.
2 2, 2We flow employ the following parameters to anal'ze (21): 1, - 50km, X] - lkm and kxoc lureo -1,

and 4.] varylnsg trotl o to 2n In the determlnation of the norrialized waxiium difterence .rtd't×i. in

the I i fl.-Ction iei!;hit. of tihe rays. The ca]Cl.nted tXriax /L v!; the maeTlCtic dip anigle 00 for

dl]]rlo .O0, .01. ond .05 and 0.1 azre presented in Figs. 2(a)-(d). Shown in Figs. 3(a)-(c) are

6xrm:mx vs the Irre.,unl:rity intro: itv 6l 1 /ilo for 6,, = 50', 68' and 78" that correspond to magnetic dip

anglv; at Arecibo, 1;otildot and Txurw;i;A, respectivcly.
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th Inophri ehos f on!;nd sgnlswhen th reuaiyitniyislo n/o

sho tht srea F s qiteinsensitive to the magnetic dip angle, namely, that sprc'ad F should ntvt
deped uon he lcatonsof onosondes. We conclude that spread F echioes on the ionograms are In-

troduced by the Irregularities with polarization dirctions~ wi~hin the meridian plane but not by
those whose polariZation directions are perpendicular to the meridiati plane.

* Thle different occurrence frequencies of artificial spread F noticed at Arecibo, Boulder, and
* Tromse are most probably duc to the excitation of different types of irregularities. Tile o mode and

x mode pump waves transmitted from the Boulder heating facilities cannot be separated as easily as
those from the Arecibo or the Trousq facilities. This fact can be evidenced by the measurements of
HF1 wave-induced short-scale Irregularities at Boulder (Fialer, 1974) showing that x mode can still ex-
cite short-scale Irregularities though not as efficiently as o node wave. The heater wave (either o
mode or x mode) induced irregularities at Troms$ are expected to be oriented in the directions per-

* pendicular to the meridian plane. This may explain why spread F has never been observed since the
Troms facilities were operated a few years ago. We note that when the heater is operated in o mode
at Arecibo, no spread F or change of reflection heights can be seen (L.M. Duncan, private coimmunica-

*tion, 1984). This agrees with the theoretical prediction Of the generation of large-scale irregular-
ities by the filaraentation instability (Kuo and Schmidt, 1983) and supports the proposed model of
spread F mechanism.
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ABSTRACT

Artificial Ionospheric disturbances evidenced as fluctuations in plasma density and geomagnetic
field can be caused by powerful radio waves with a broad frequency band ranging from a few Kliz to
several GHz. The filamentation instability of radio waves can produce both large-scale plasma
density fluctuations snd large-scale geomagnetic field fluctuations simultaneously. The excitatlon

of this instability is examined in the VLF wave injection experiments, the envisioned MF ionospheric

heating experiments, ,he HF ionospheric heating experiments and the conceptualized Solar Power
Satellite project. Significant geomagnetic field fluctuations with magnitudes even comparable t,,

those observed in magnetospheric (sub)storms can be excited in all of the cases investigated.

Particle precipitation and airglow enhancement are expected to be the concomitant ionospheric

effects associated with the wave-induced geomagnetic field fluctuations.

1. INTRODUCTION

Manifest ionospheric disturbances may be produce.by powerful radio wa'ves such as fluctuations

In ionospheric density, plasma temperature, and the earth's magnetic field (see e.g., Fejer, 1979;
Stubbe et al., 1982). Among them, we single out for discussion the excitation of ionospheric
density irregularities and the geomagnetic field fluctuations. The interesting finding in our
theoretical analyses is that the geomagnetic field fluctuations may be excited simultaneously with

large-scale field-aligned ionospheric irregularities by radio heater waves. The frequencies of

radio heater waves may be as low as in the VLF band and as nigh as in the SUF band.

Unexpectedly large perturbations in the earth's magnetic field (-lO.8y) were observed in the

Tromso 1IF ionospheric heating experiments (Stubbe and Kopka, 1981; Kuo and Lee, 1983). Trans-
mitters operated at frequencies close to but less than the local electron gyrofrequency are ex-

pected to cause both plasma density fluctuations and geomagnetic field fluctuations in the

ionosphere if MF signals are transmitted or in the magnetosphere if VLF signals are injected, in-

stead (Lee and Kuo, 1%!4). Microwave transmissions at the conceptualized power density (230 W/
2
)

front the Solar Power Satellite (SPS) are also expected to perturb the earth's magnetic field sig-

nificantly in the iotosphere along the beam path. Our studies, therefore, add an additional effect

to thoce that should Le assessed as the possible environmental Impact of the SPS program.

The formulation of the theory is first presented in Section 1. In the sbsequent four sections
(i.e., Scctions Ill-VI), we. discuss the excitation of the instability in the VI.F wave injection

experiments, the envisioned 1F ionospheric heating experiments ,thie Tromso [IF lonospheric heating
experiments, and the conceptualized Solar Power Satellite program, respectively. The conclusions

* are finally drawn in Section VlI with a brief discussion.

II. THEORY

For simplicity, radio waves are assumed to be circularly polarized propagating along the earth's
fiagnetic field. This is a reasonable assumption for the VILF wave injection expriments and the

Tromso IlF ionospheric heating experiments. As for the microw,ive propagation, tho gcomagnetic field

imposes a relatively immaterial effect. If the positive z axis of a rectangular coordinate system

repre!;ents the wave propagation direction and is taken to be parallel to th' gomagnetic fivId, the

moochromat ic radiho wave with frtc ctency, W o , and wave vector, k, cin he rei v:;e nted by 1. (r, t)
A A

C ( iy) exit (i(k 0z Li 0t)] + C.C. where the wave field amplitude, to, Is assumed to be a constant;



the - signs designate the right-hand and the left-hand circular polarizations, respectively.

Since the wave field interacts with the charged-particles, the plasmas expcrlence a radiation

pressure force (i.e., the nonlinear l.orentz force) and a thermal pressure force. The latter force
results from the collisional dissipation of wave energy in plasmas. If the wave field is intense
enough, a sideband mode (c ) can be excited together with zero-frequency modes via the filamentation

instability, this is similar to the self-focusing instability of a radio wave beam. This high-

frequency sideband is a quasi-mode, satisfying the Fourier transfcrm wave equation
w

2
s

SAA AA a AA AA 41o
[k2 + k' - -- k zz k xx + ik - ( xz + zx). C -- (J0 + Jn) ()o = o. oCx.3 ,

A C
where l = (5I1 cos kx + z 1z sin kx) exp (yt) is the wave field perturbation with the growth rate,

y, and the filamentation wave vector, k = -' J and J represent the induced linear and nonlinear

electric current densities. While J given by -en V results from the linear response of electrons
ol

to the sideband field (c 
J  

includes two parts, -enoVM and -e6no, that are nonlinear beating

currents caused by the nonlinear coupling between the purely growing mode (6n and 6B) and the in-

cident wave field (c ). The electron velocity perturbations denoted by Vo , V 1 , and V have the

following expressio:ns:0o 
-M

0 A e e
!j(i

2 ~ IC + z (I - -2- ) -C + I - zx CI
• .(W 2 2e o j W _j W ^_

0 e
where j - o, 1 represents the response of electrons to the incident wave field (c ) and the side-

band field (cIl respectively;

V = 
- - IV o [ Z x 0 +B is the electron velocity perturbation induced by

* .M MC (W
2 _ f22) -0 is .
0 e

the V x 6D Lorentz force, where M, ) e' e, and c have their conventional meanings as the electron

mass, the electron gyrofrequency, the electric charge, and. t)Je'spced of light in vacuum, respective-

ly. Because of the large inertia, the corresponding ion responses have been ignored.

The purely growing mode has the general form of 6P = 6P (cos kx) exp (yt), that is associated

with the'excitation of both the plasma density fluctuations (i.e., P = 6i) and tie geomagnetic
field fluctuations (i.e., 6P = z 6B). It is the wave-induced quasi-DC current that gives rise to

the magnetostatic fluctuations. This can be seen in the Maxwell equation

2A =---e N (6V 6V 46J

where 6A is the vector potential defined by Vx6A = 6B and the Coulomb gauge V.76A = o has been
chosen in (2). The wave-induced quasi-DC current, &J = en (V i - Ve)y , and a relation between

6n and 6B c - uaio an e oetmeuto o
* n and B can be derived from Equation (2), the continuity equation and the momentum equation for
both electrons and ions. They are

en F - 6T vi
aJY . _9_ 

+  
-2- 

( 
-- _- + kc -

s 
(
-
- ) (3)

S i ~ m x H k sn 0
v k 2

a n dn [l + (l+-- - ) +)6B
n 'V2

pe

where M, 1l.wp PC , cs ve , and v in are, respectively, the ion mass, the ion gyrofrequency, the

electron plasma frequency, the ion acoustic velocity, the electron-ion collision frequency, and the
ion-niutral collision frequency; 6T is the electron temperature perturbation caused by the

e

collijional dissipation of the radio pump and the excited sideband; and Fex is the x component of
the nonlinear Lorentz force A

F - rnV(V* • V 4- V -V) + i-- m - 1k (V* V + V V*) x z + V* x

A e . -0 ,O i -a O lz 7 1O
IV x (V1I x z)] , V 0 X(V x (V 1  o * M

It is seen from (3) that the wave-induced quasi-DC current Is primarily caiv;ed by the F x R

drift motion of electrons under the influence of the thermal pressure force, n 0(/3x)6T * and the

nonlinear Lorentz force, n F ex The electron temperature perturbation (6Te ) obtained from the
o e2

• " 2
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r7

electron energy equation is found to be

6T 2 Qe + )To6nTe"3 no 0 5

iihere Qe 2vnm (V*V1 + Vo V) is the wave energy dissipation rate in the electron gas due to
e 0 0 l -o -1

the differential Ohmic loss of the incident wave and the excited sidebands, and Y - y + 2v (m/m. +

vek 2 V2/Q 2 . where V is the electron thermal velocity.
e t e t

Equation (4) shows that the simultaneously excited 6n and 6B are proportional to each other. In

all .cases under study, v,>>y and k2 c2 >>y 2 . Therefore, Equation (4) can be reduced to

n t k 2 c 2  
6B

nO  + C)(2 o 4

o W 0pe

Indicating that if (v /y)(k'C 2 /s 2, )is much greater than unity, the magneLostatic fluctuations
e pe

(6B/B ) is much less than the plasma density fluctuations (6n/n ). It is thus expected that signi-

ficant magnetic field fluctuations are associated with the excitation of large-scale (i.e., small k)
modes.

The coupled mode equation for the purely growing mode that can be obtained from (2) and (3) with
4 the aid of (5) has the expression of

v ~ 8reckaii
2 

I2B = (-
{(y' + k2C2 ) [I + ! (1 + ) f + W2 f 3)6B c Q (6)

M y PC 3mQ e ax e

where f = (yv + k2 cis + 2 yk2V2 /3y); V_-. = + Vn ; W pi and Vs are the ion plasomn frequency and the

ion plasma frequency and the ion thermal velocity. It sh..uld be mentioned that the nonlinear
Lorentz force tertr (t') has been neglected in (6) bec .se"it is negligibly small compared to th

differential Ohmic heating force term (Q ). Substituting (4') into (6) and eliminating 6n from
(1) and (6) yields the dispersion relation

k2c (Y + f ) + y 2 .f

M Ce P

2 W WPo ) ec 2 k2c2 +Y)

. W ;.1 1) ke Q e +W2-Q-
e e e
V (4 - q+ - P+ q+) pe
A ') - (7)

(1 + P+ -P, q)

0  0 Re 0e (8a)
where v = Y+ ; P

e - W ) (2 - W - k2C2)
0 C o pe

2 2 f2)
and q. 4 k cs2 (8b)

o e pe

P+(P-) and q+(q _) correspond to the right - (left -) hand circularly polarized wave. The thresh-

old field (cth) of the inStability is determined from (7) by taking - - 0, namely,

k2V2OE :r Q') 3k V (2 + 51

- 12 0.75 ( fl) 3  t 0+  )((1 + P+ - q.)
mc W (4 - q+ - P+q+) (9)

These characteristics of the instability are discussed separately for different wave frequency
regimes of the incident radio waves as follows.

111. VLF VE INJECTION EXPERIMENTS

The VIF signals tran.;mitted from the Siple circular polarization (i.e., whistler modes) on

€3
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their paths through the neutral atmosphere and into the Ionosphere (Kintner ct al., 1983). The

whistler waves are assumed to satisfy the cold plasma dispersion relation

W 2 k2c2
- 0

e o0- -

in the wave propagntion regime: illI << wo < ne'" Since the positive z axis represents the wave

propagation direction and has been taken to be parallel to the geomagnetic field, S1e>(<) 0 for

the right- (left-) hand circularly polarized wave and thus

P+ . % ( -'3 - wIQ1) / ( - 1 e W W 2 - k2 c2 ) and - q kc 2 
(W2 - ) /

W IQeOpe for a whistler mode.

!n the upper atmosphere, the electron plasma frequency is much greater than the electron cyclo-

tron frequency, viz., w2 >> p2 > w2. Therefore, I, - o2e / (1.1 - j,) (W2  + k2C2) < 0 and
pe e 0 pe

k c (Q2 - U
2
)/w in jW2 < 0. The positive RHS of (8) thus requires the factor, (I + P -

e 0 0 e pe
to be negative, namely,

o-- <k c e 0 0 . (10)

_. (2 + k 2 C2 ) (,,
2 + k2C2) IQ (e ' 

)
(pe (pe 

+  
:e Iel

For the excitation of large-scale modes (i.e., w
2 

>> k c2), the atove inequality leads to w >
pe 0

I 1e/2. In other words, the filamentation instability of whistler ,waves that generate both plasma

density fluctuations and geomagnetic field fluctuations can only be excited within the narrow

frequency range: (

Since P Ie[, 1.4 Mfllz in the ionosphere (e.g., the F region) and IQ e1- 13.65 MHz in the magnetosphere

at 1. = 4.0, the condition for the instability shown in (11) lead.3 to the following conclusions. The

frequencies of VLF signals that arc injected in the active VLF wave experiments typically range from
a few Kliz to a few tens of Kliz (<30 Kiz). These signals are not expected to cause ionospheric dis-
turbances via the filamentation instability. But those with frequencies larger than 6.83 Kh1z but
less than 13.65 K11z can excitc the instability in the magnetosphere at L = 4.0. It is predicted

from (11) that ionospheric di7trubances caused by the filamentation instability of whistler waves
are possible if the wave freqiencies are less than 12 1.4 MHz bu' greater than !P, 1/2- 0.7 HMiz,

C e
namely, whistler waves in the MF band can caUse large-scale ionospheric density irregularities and
geosagnetic field fluctuations in the ionosphere. Quantitative analyses of these two cases are

illustrated as follows.

Tue relevant magnetospheric parameters used In this work include IQ e 12n = 13.65 KHz (i.e.,

1 - 500 Y), , /2- = 179 Kllz, T = 0.4 ev, and M(11+)/m = 1840. If the VLF wave frequency is 10.9

0 PC 0

Kliz, i.e., w /e , 0. , the threshold field (ct) calculated from (9) are e.g., 12 pV/m and

2 0V/m for the excitation of modes with scale lengths of 10 Km and !00 Kin, respectively. These
threshold fields can be exceeded by the Injected VLF waves from the Siple station even in the"non-
ductud" W1h'tlcr propa,,ition mode. The growth rates of the instability expressed in terms of the
threshold ftield is obtained from (7) as

k'c'(y + e f) + Y.' f

V 
2  

2

_(2' + k .
2  

2 VP+ C- e
t1 Z' iTT 2.-T1 F1e 0 e th We Y

This equation can be easily solved for y under the following assumptions: v e"y, k2 c 2s >>y v-in'

and e/M >> k V'/
2 that can be confirmed. For large-scale mode:;, 1e' >> kc

2 
(i.e., X >> 1.7 Km),

t C pe
the growth rate is found to have the fol lowing. ,1,, ple expression ",(2vekV /E )) o/th) hs

growth rate turns out, to be independent of the scale lengths hecause as shown in (9), ct, I k. Al-

though the threshold of the instability can be exceeded by the "no,-ducted" whistler mode in the



*magnetosphere at L 4.0, thle growth rate is rather small (-10- liz) if C/ ti 0(1) because of tile
0 ~t

small electron-inn collision frequency ('-0.1 l~z). However, the. C c th of tile "ducted" whistler mode

may be increased by two to three orders of magnitude though only 20% of thle inje-cted VLF waves are
found to propagate in thle "ducted" whistler mode (Carpenter and Miller, 1976). Thle growth rate of

*ducted whistler ways can be as high as (10 _ 10) Hz, namely, the instability can be excited by
* thc ducted mode within a few minutes.

For modes with scale lengths >10 Kmll (6n/n 0) t (6B/B 0) from (4). Presumably, a few percents, of

magnetospheric density fluctuations are able to be generated. Then. a few percents of geomagnietic
field fiuctions in tile magnetosphere at L = 4.0 is of the order of 10 y(c. f. the backvround mag"netic

* feld- 500 y), that may significantly affect the orbits of TIinryed particles;. Thle scintil lations of
the Siple signals received at Roberval, Canada (Inan et a]., 1977), may be attributable to thle
excitation of large-scale plasma density fluctuations in the magnetosphere by thle injected VLF wavecs
via the filamentation instability.

IV. ENVISlONEO) MtP IONOSPHERIC HEATING EXPERIMENTS

The Ionospheric heating facilities located at, for example, Arecibo, (Pulerto Rico), Boulder
(Colorado), and Trov.s ; (Norway) are currently operated at lowest frequencies onl thle order of 3 Mitz.
The tranismission of signals at frequencies Close to thle electron gyrofrequiency (11 1./4 11z) would
require a major antenn~la and transmitter change. InI our "envisioned" Mt ionospheric heating expei i-
ments, we adopt the typical ionospheric parameters: In0/7 = 1.4 Milz (i.e., BO 5 x 104 y), w 27

e 0PC

6 Mlitz, and M(0,+)/m -- 16 x 1840. The threshold fields of the instability excited by tile incident 14F
wave at -1.12 Mh1z (i.e., w /IQ I = 0.8) are found from (9) t-) be 6 mV/in and 0.4 mV/in for thle excita1-
Elton of modes withi scale ?englis of 100 in and 1 Kill respectively. If we assume that c0= 0.3 Vim,

the growth rate of tho instability for large-scale modes (;.e., w2 k~c or X >> 50 m) is about

1 Hz. Under thle illumination of powerful MY radio waves, large-scale ionospheric disturbances can
be produced in seconds.

It is obtained from (4') that (6n/no) Z 2.3 (6AIB X .gl = I Kin) .for modes with X >> 50 in.

The excitation of a few percents of ionospheric denitJy fluctuations are accompanied by the Conl-
comitant excitation of geomagnet0.ic field fluctuations Of the order of 500 y, that is comparable to

. he perturbation i~n a severe isagnetospheric (sub)storm.

* V. III' ION0SP11r.RIC EILATING EXPERIMENTS

The hiIF radio waves; transmitted in ionospheric heating. (or modification) experiments have fre-
*quencies greater thoui tie electron gyrofrequncy ( (J2 >> Q -) hut less than F0F2 in tile ionosphere.

0

Ordinary (0) or extraordinary MX modes have been employt-d. At the Troris facilities, these modes
can be represented by two circularly polarized waves prepa?'at ing along the geomnagntic field. 5! nce
the wave propagation d irecti on is antiparallel to thle geom,,iet ic fieldi, tle X and 0 modes correspond

*to a left-hand and a right-hand circularly polarized wave, respectively, and satisfy the dispersion
relations: a2  k 2 c 2

0 0 7: . 0 ( 2

0

where the T sli;ns denote the left-and right-hand circulnrly polarized waives!, respectively.

Near thle reflection heights of these pumip waves (i.e. , ko 4 0) it is fronm (12) that W ,

~ 0). n tis as, P gien y (a)approximately vanishi and q-fk~c1(" ±10)Q 30 from

(8b) . Expression (9 )then reducer, to
a'IV 2

2- 0.75LL LL kVjj (2 +k t (13)
W 2 (4 q.)
0

where q, (q_) is for the right- (left-) hand circularly polari zed wave. Whlile the factor, (4-q+)

is positive, a positive (4 - q_) requires that q_< 4. viz., A > (rC/a) [(Gw-f l V 1.)/IJu e1) (14)

thait can thus ensure the positive R11S of (13). If we take IQ C 1/2v - 1.4 M11z, Vt . 1.3 x 105 in/see,

tq4 ib)/M - 16 x i840.12, /21r 4.61 0'11hz. the sc lIength5. of lhe mlodeCs tha't are- CXCi ted b)' thle X riode

cannot lie I es, tui 70 meters according to (14) . By cont rast no minimumin scale length I s founld In
* the case of 0 mole lest Ing.



The threshold fields of kilometer-scale instability excited by either X or 0 mode are a few
mV/n calculated from (13) that are quite small compared with the incideni power densities (-I V/m) of
the Troc4 sintials. Although the growth rate of the instability is generally a function of scale
lengths, it has an asymptotic value found to be

veW 21 I
12

-,2.5 x 100 0 - 3.4 x 10 Hz for x - mode heating
1(W 0 Io el)

".3.0 x 10- 2 1Iz for 0 - m,de heating

when the scale lengths exceed i. few hundreds of meters. It thus takes a few minutes for the in-
stability to be excited in a$,greement with the observations that 11F wave-induced geomagnetic field
fluctuations needs a few minutes for development (Stubbe and Kopka, 1981). Substituting v = 500 Hz,

Y = 3.4 x lO-211z, A = 1 Km, u /2, = 3.4 Miz and B = 5 x 104 _( into (4f3, we have 6B = 4.4 x 102 (
pe o

6n/n 0 (4.4 - 44) y for (in/n.) = (1- 10)% also in agreement with the Stubbe and Kopka's experi-

ments.

VI. CONCEPTUALIZED SOLAR POWER SATELLITE (SPS) PROJECT

The conversion of solar energy into microwaves is the basic idea behind the conceptualized
Solar Power Satellite (SPS) project. The microwave energy would be transmitted from the satellite to
the surface of the earth at a frequency of 2.45 Gliz, that is much greater than the electron gyro-
frequency (I e 1). The cross section of the aicrowave beam has been estimated to have a linear

dimension of 10 Km in the ionosphere, and the incident power density at the center of the beam would
be as high as 230 V/m2 (i.e., the wave field intensity is about 640 V/m).

The formulation outlined above for the excitation of both plasma density fluctuations and gee-
magnetic field fluctuations can be also applied to the case of SPS project after some modifications.
First of all, the microwave beam does not necessarily propagate along the geomagnetic field.' Ther-
fore, the positive z axis talien as the wave propagation directionis generally not in the direction
of the geomagnetic field in this case. The polarization of tshe micrrwave is assumed to be within
a meridian plane (i.e., the assumption of an ordinary mode). for*efficiently exciting-the field-align-
ed modes. Hence, the geomagnetic field perturbations (613) are still in the direction of the back-
ground earth's magnetic field.

Since wo >> 1, we then have P. = I from (8a) and q.-*o from (8b) by taking 0 e1-0 (i.e.,

equivalent to an unmagnetized plasma case). The threshold field given by (9)then reduces to
,eCth2 t2 V

2

m- -- = 0.38 -- k2 V2 (2 M + k 2 ___ ). (15)
mc 2 t M 92

pe e

Using 0 /21T = 2.45 G11z, u /2w = 6 MHz, Vt = 1.3 x IDS m/sec, 10.1/2n = 1.4 11hz, and m/M(0+)=3.4x1O -0
pC t

in (15), we obtain Eth = 2.89x103 /X. For instance, 2.89 V/m ( 2.89 V/m) for the excitation of the

modes with a scale length of 100 m (I Kin). The growth rate derived from (7) has the approximate form

Y 2v mc o 0 ) (16)
CS) Cth

In spite that the power density of the microwave beam is not uniform, we assume a constant value of
20 W/M2 (- 60 V/n), that is about one tenth of the maximum intensity at the beam center, for the
calculation of the growth rate. Then,if v is taken to be 500 liz, y_-5 lz for theexcitation of one

kilometer scale inodes, namely, it takes a few seconds for the filamentation instability of micro-
wave.. to be excited.

The percentage of the geomagnetic field fluctuations is estimated from (4') ac (6B/B o ) 0 0.4

(6n/no) that has a comparable magnitude to that of ionospheric density fluctuations. For the I% of
0

(6o/n ) the geomagnetic field fluctuations (61B) can be as large as 200 y. Such large geomagnetic

field fluctuation:; are expected to significantly perturb the orbits of charged particles and, con-
sequently, to c,.,,;o particle pr,!cpitatibn and airglow effects. These ionospheric effects. intro.-
duced by the pow, rtul microwav, lt,;ims should be taken into account in the evaluation of environ-
mental Impacts of the conceptualized Solar Power Satellite program. (.,

VII. CONCLUSION AND DISCUSSION

~ .6



Ionospheric and magnetospheric disturbinecs evideniced as fluctuations in plasma density and
geomagnetic field cani be generated by powerful ratio waves with frequtevcies as low as a few KIlz and
as high as several C117. Depending on the incidenit powe-r densi Ly of rodio waves, ionospheric (or
magnetospheric) pl asma density fluctuations and geomaignot ic fild fl octuat icins can b~e excited s imul-
tancou-sly by the fi lamentation itu,tability of radio waves within a few seconds or minutes. I'llis
instability typically has kilometric scale lengths in the ionosphere ind tens of kilomietric scale
lengths in the magnetosphere.

Radio waves witi frequencies less than the electron pyrofrequency may propagate in a whistlecr
mode. The exci tatioi of the fi lamentation instability is only possible for those with frequencies
greater than half the local electroni gyrofrequency. This criterion for the instabil1ity leads to

* the conclusions that the injected VI.F signals can produce magnectosplieric rather than ionospheric:
dist urbances. It is, however, predicted that ionlosphieric disturbancs can be induced by MF sigvals
whose frequencies ore less than 1.4 Mflz but larger than 0.7 Mz.

In the HIF ionospheric heating experiments (C >> f7), both the ordinary and the extraordinary
modes have been used. The scale lengths of the in sta 1)i~it) are found tn have a cut-off inl the case of
extraordinary wave heating. The microwave beams that are t ransmittvd from the conceptualized Solar
Power Satellite to the surface of the earth are also expccted to causce large ionospheric disturir'tces
in their ordinary mode prop,,gat ion. The geomagnetic field fluctuations caused by the filamentation
instability of radio waves are very significanit in all of the cases di.scossed in this paper. The ir

* magnitudes may eveni liecomc comparable to those seen in the magnetospheric (sub)storrma.

It is interesting to note from (9) that the threshold field of the instiaility is inversely
proportional to the electron plasma frequency. Therefore, innosphieric disturbances excited by

*radio waves should be most noticeable in the F region. Fially, it should be pointed out that the
noalinearity for the mode coupling is dominantly provided by the thermal pressure force due to the
col lisional dissip.!Lion of the pump wave field and the excited high-frequency sidebnnd field in thie
electron gas. To emphasize this outstanding feature, the instability may be adequately termed the

* thermal filamentation instability of rsdio waves.
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-O ABSTRACT

Four invariant:s of the ray trajectory are found for a ray propag t .ilg in
-a htoirizon tally stratified ionosphere tnder VIt deu.i ty perturation of 11 U wave-

induced field-aligned irregularities, Thcl ref]t t ion hieight of the ray can then

be determined with the aid of those invarliaznt . The resmi.cs show that the re-

flection height of the ray varies dra!;tically (nieclcy, strong spread F choes)

in the presence of irregularities that polarize in the mannetic meridian plane.

By contrast, the reflection height is not affect(d (namely, no spread F _chocs)

by those irregularities that polarize in the dircction p.erpendicular to the mer-

idian plane. Spread F is quite inscinsitive to the magnetic dip angle 0 in the00
region from 20' to 70'. The depend,nee of spread F on the scale length of the

irregularity has also been examined for the c-I 00 =.50' . It is found that

00

spread F i s not causaed by irre~gul: i -y wI ith S~cn (: I engt], t I (5 thtan albout 1 00

* inqters.

S

I:



* 1. INTRODUCTION

Spread V that refers to diffuse e cho~es on anl lonogrmni frovm thle ionio-

spheric F region w~as observed in the ion~spheri c hoeating czper I ien*fts conduIcted

* at hotulder, Colorado flltlaut , 1971) . This ionos~pheric p)henlomen~on i's rgenera-ll~y

*believedl to be caused by tlie excitation of large, scale (a few., hundreds of moters

to kilometers), field-aligned ionospheric irregulairitiles. floc-~ver, Spread F is

a rare phenomenon in the experiments av. Arecibo, Pucerto Rico Umhowen and Kim,

1978] an~d it has not been observed at TFroms$l, Norw~ay since the new European

heating facility has been in operation [Stubbe et at, 1982]. Evidence, suc

*as radio star scintillations and the anomnalous abs orption of thie diagnostic waves

throug -h the ionos-ph-eric heated region, indicate thal: large-scale ionospheric ir-

regularities hanve Leen excited by HF hecater waves at Arecibo aind Troms 4. Hence,

a lack of spread F echoes does not imply the absr.ice of heater wa-ve-induced iono-

spheric irregularit jes. This may be due to the difference in the polar:iZati-n

0. ~directions of the IT wave-induced i rreIul ari ties. In general, fi-eld-aligned ir-

regularities con hiave two independe-nt polarization directions. One lies in i-hie

meridian plane anld thie other one is in the direction perpendicular to Ote mertidian

plane. The theoretical results of filaincatation instability ini iagneto-plasuas

t~u an Scmid, 1983] also show that thie',! .rp4ularitles excited by the o-ni de

*pumip and by the x-mode pump have different polar1ization directions. Tile. irregu-

larities excited by the o-mode pump are field-alifned] and are polarized iin the

-direction perpendicular to the meridian Tilane. loy contrast, the irregulari ties

excited by the x-niode puinp are polarized in the moridian plane and are, inl gen-

eral, not field-aligned. However, the field-alg-ned! nature of the irregular-ities

may lbe establis-hed to reduce the diffusion damping along thle magnetic field.

in the pres;ent work, time rclationshi p between thme spread-V echoes anid the

* ~ 11 HF ave--induced jirregularitiesl is stud Ted. * The prillinry proeof this stLudy is

*to determine the effe-cts of thme irregularity po la rla t ions, scale length, and

- tie magnetic dipangle on time spread F-echo. In section II, the ray trajectoiry

equations ate analyzed to study the wave propagation in a horizontally stratified

ionosp~here. under tho dems tI.y je-rturbat ion of the HF wave-Induicvd field-all gned

*irrela ri tie-,. Four invariants of the ray trajectory are found. Main resrults

are illustrated iii Figures. Conclusions are finally drawn in Section 111.



I.I. MODELA AND ANALYSiS

We consider a horIZonta].ly stratLified 1ono,;phcre haviing, a scale length L.

Thus, the 1nlperturbed clectron dceisiry is reprcs(.nted by n () = n o(J-1 x/L), where

x is the vertical coordinate and n =;n (o) is t]c electron density "t the refer-
0 0

ence plane x =o located at height I. When field-aligned irregularities, are pre-

sent, the backgrouad electron density distribution is perturlbed. Thus, the total

density is the sum of the unperturbed dcnsi ty and the fluctuating densities of

the jrregularities. Vor those irregularities which are field-aligned in the

magnetic meridian plane, the total density perturbation is simply expressed In

a form of 61 sin l k (x Cog 0 + z sin0 ), where 21r/k X is the average scale .ength
1 1 0 0 1. 1. ~eclle~t

of the irregularities, 0 is the magnetic dip aILgle, and z is the horizontal
0

coordinate as shown in Fig. 1. Mereas, the desity perturbation associated with

the irregularities which are field-a.iegned in the direction perpendicular to the

magnetic meridjan plane is modelled as 6n2 sin (1, 2 y+6), where X2 = 2i /k2 is the

averaged scale length, y is the coordinate perpendicular to the meridian plane,

and q is the arbitrary phase angle. In this model, the total electron densit-y

di.tribution, n(x) is thcn composed of three components, vis.,

n(x,z) = no (I +x/L) + 6n sink (X cos . + z :in 0o) + n 2 sin (k 2 Y ± ,) (+)

For simplicity, the effect of the geomagnetic field on wave propagation will

be neglected in the following analyses. The dispersion relation for the wave

propagation j s thus given by

2 2 +k 2 c2  (2)

pC

where w and k are the wave frequency and the wave number respectively, and

2 -= ° [1 +x/l, 4 (lh /n );in k] (x cos 0 iz sin O ) -I (8 2/no)sIn(k2Y+01 (3)
pe 1)1 1 o 1. 0 0 2 /n0in 2 y+

Since, in relity, the ionosonde antennas radiate radio wave beams with finite

cror;s sections and spread angles, so it is more appropriate to consider the trans-

Smitted pulses to be compo:ed of rays whose initial wave vectors and the horizontal

locations on tihe reference plane x=o are all diff-erent. The trajectory of each

ray.is then governed by the followtng set of characterisLic cquations:

-2--
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dJ

dt k 2 (4)W
-"d k21(5)

dty y c 1w

d z k (6)
dt z

d- y  kx (2 (5),)[ ( n / 1 ( c ~ C s1

d 2
k = - (W e/2w)l+ (no)(klLeos )oSk (xcosO +zsino )] (7)

- -tk =- (m ('n/no~'kco (k 2 y+ ) (8)

Yc eo/2 o os

d-k = - tanO ( eo/2wL) (O n l/n0) (kL cos0 )cos k]. (x cos Oo +z sin 0) (9)

where Eqs. (5) and (8) form one set of coupled equations, and Eqs. (4), (6),

(7) and (9) form the other set of coupled equations, but these two sets of

equations do not couple to each or.her. However, those coupled equations can Le

separated by the invariants of the trajectory derived as follows. -We first take

the ratio of (5) and (8), which yields 1/ ,

2k c
2

dk )peo (6n 2 /n)k 2 cos (k 2Y+4 )

Integrating this equation gives the first invariant of the trajectory

2 2 2(6n2/no)sin(k2y+ ) + k c /w = constant in time (6n 2/n)sin(k2Yo+2 o 2 ~~y peo .2n snky~

+ k2 2 2 (1.I)
yo peo

where the subscript o represents the initial value.

We next substitute (9) into (7) to yield

d 2
d- (k cot 0 kz) w /2cL (12)

t* -3-
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Intcgrating (12) from the initial height x =o of the ray to the new height x

at time t, lead' to the second lnvariaut relation

k - cot 0 k + ( 2 /2wL)t.Ceonst. in t:ime=k -cot 0 k (13)
x o z peo Xo 0 zo

We now construct an equation by first multiplying (4) and (6) by cosO0

and sin 0 respectively, and then suinig them up. The result is
0

d 2
(x cos 0 + z sin 0 ) (c2/u) (k cos e + k sinO ) k14)

dt 0 0 x 0 z 0

Two additional invariants will be derived as follows. From the ratio of (14)

and (7), we obtain

d(xcos0 -I-zsin0 ) 2 k cosO +1k sinO
0_ 0_ 2cL ___ 0 z 0 _ _ _

d k 2 l+(n /n )(klJ cosgo)co-; k (xcos 0 +z sino )
x peo 10 1 0 1 0 0

(15)

.With the aid of (13), (14) and (4), (15) j.*,4htegrated to obtain the third

invariant

2
x-I (tan 20 /2)z+(6n /n )L(cos 0 /cos 2 0) sink (x cos 0 A-z sin0 ) +

0 1 0 0 0 0 0

2 2 2
(cL/w )(k+tan20 Ik ) k con s t. in time = (tan 20o12)z + (n /n)

peo x 0 XZ o 10

2 2 2 2
L(cos 0 /cos20 )rin(k z sin0 ) + (c L/w pCo)(kx + tan 20 k xk zo) (16)

The fourthinvariant is obtained from integrating the resultant equation defitied

* by the ratio of (14) and (9). It is

(tan 2 0 /2)z + (6n I/n )L(sin 20 /cos 2 0 )sin k I (x cos 0 + z sin 0 ) + (c 2L/ 2 )

0 1 0 0 0o 0 0 pe0

2 2
(-k2 +tan 20 k k ) =const. in time = (tan 20 /2)z + (6n /n )L(sin 0 /co.s 20 )sin

Z 0 x z 0 0 0

(klZ° sin 0) (c2 /2 )(-k + tan 2 0 I k (17)
a zo oxokzo
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However, (16) and (17) can be rcarrangcd to reduce to much simpler form,. We

first take the difference of (16) and (17) to yield

x+ (6n1 /no)L sin kl(X cos 00 + z sin 0o ) + (k 2 c2 L/W eo)
i- (1 8 )

2 2 2
(6n /n )L sin (k z sin 0o) + k c L/ 2

1 0 lo 0 0 peo

2 2
where k =k(o). We next multiply (16) by sin 0 and (17) by cos 0 and then

take their difference. Theresult is

x - zcot0 +(c2 Li )(k -k cotO )2=-z cotO
0 peo X z 0 0

(19)

+ (c2L/we )(k -k cot 0)2
peo xo zo 0

We have shown that the trajectory of each ray is governed by four invariant re-

lations (11), (13), (18) and (19) that are derived from two sets of coupled

differential equations (4)-(9). Hence, the temporal evolution of any one of the

four variables x,z,k and kz, and either one of the two variables y'and k P canx y ~ -. ~
be determined, with the aid of these invaria £sj Oy the corresponding rate equa-

tions, viz., equations (4)-(9). The elapsed time for each ray traveling from the

reference height to the reflection height can in principle be determined by in-

tegrating (7) from k =k to k =o, with the prescribed initial conditions:

x(o) =o, z(o) =z and k (o) =k . Since the density perturbation 6n2 produced by

the irregularities oriented in the direction perpendicular to the magnetic meridian

plane does not appear in Eq. (7), the reflection height of each ray is thus not

expected to be modified by the irregularities oriented in the direction perpen-

dicular to the meridian plane. However, the density perturbation 6n 1 produced

by the irregularities that are oriented within the meridian plane can affect the

reflection height of the ray as seen in Eq. (7). One way to show this effect is

to integrate Eq. (7) numerically. This equation can be integrated with the aid of

the invariant relations (13), (18) and (.9). if we assume that each ray of the

anterna radiation beam has a straight trajectory from the ionosonde to

* the .reference plane as shown in Fig. 1, then the initial conditions for

ray trajectory starting from the reference plane can be defined as
"d 2 x / 2  z 112 2 1/2

o xo k ., and k =k3 (1 + z ) where z isxO 00ZO 00

a free parameter characterizing tile ray. By varying z within the

cross sectional range of the beam, a set of traj'cctories for the rays 3f the

Lr -5-
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beam can be determined. However, not all the rays can be reflected back to

the ionosondc. Only the rays which can return to the louosonde are responsible

for the observed diffuse echoes on the ionogram, an4 hence the Intensity of

spread F is proportional to the maximum difference of the reflection heights

of those rays. The boundary conditions at x = 0 for a downgoing ray which can

propagate straightly from the reference plane back to the ionosonde are defined
to be k -k H/(H 2 +z2 1/2 and k k ( 2 +zf ,1/2 where zf is the z
to beo ffff

coordinate of the ray on the reference plane. Those conditions can he satis-

fied only by rays with appropriate z . In other words, the conditions at x=O
0

for the upgoing rays which can be received later by the ionosonde can not be

predefined. Instead, z and zf have to be determined simultaneously.

Presented in Fig. 2 are the two distinctive trajectories for two different

groups of rays in the beam. The rays which follow these trajectories can re-

turn to the ionosonde. It is shown that if the ionosonde trasmitting beam is

modelled by many rays having different initial locations on a reference plane,

the spread F echoes can indeed be interpreted to be caused by the difference

in the reflection heights of the returned signals. The virtual height spread

is thus proportional to the max:imum difference of these reflection heights.
d/'/ y

We now employ the following parameters/o'-nalyze the system of Eqs. (7),
2? 22

(13), (18), and (19): L=50km, Xl I kmand k0 c2/W =1. z is allowed to

vary for determining the trajectories of the rays. Only taken into account are

the trajectories of the rays detectable to the ionosonde for determining the

maximum difference Ax from the reflection heights of these rays. Ax vs
max max

the magnetic dip angle 0 as calculated for a(- n/n) = .005, .01, .05 and 0.1

and presented in Figs. 3(a)-(d). Shown in Figs, 4(a)-(c) are Ax vs the
max

irregularity intensity a for 0 =500, 680, and 780 that correspond to magnetic0

dip angles at Arecibo, Boulder and 'iroms, respectively. The dependence of

spread F on the scale length of the irregularity has also been examined for the

case 0 '50 and a= 0.05. The result is presented in Fig. 5 showing that0

spread F can only be caused by irregularities with scale lengths larger than

about 106 meters.

-6-
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-. II. I)ISCUSSION AN1) CONCIUSIONS

A theoretical model of spread F echoes has bceii developed for determining

the effects of the magnetic dip angle, irregularity intensity, and the polariza-

tion direction and the scale length of irregularity on the occurrence frequency

*and the intens.ity of spread F. We first show that irregularities polarized pre-

pendicular to the meridian plane do not cause spread F. Therefore, only Irregu-

larities polarized within the meridian plane have been considered in the analyses

for evaluating the afore-mentioned effects.

As shown in Figs. (3a)-(3d), spread F becomes prominent as the magnetic

dip angle exceeds about 5*. The reflection height spread Ax first increas,_es

* rapidly to a maxiium at about 0 =80 (except for very low irregularity intensity,o

e.g., a= 0.001, where the peak appears at 0 -" 20 ° ) and then decreases monoton-

ically to zero at 0 =90% However, Ax is quite flat in the region from 20'*70(Qto80o max
to 700 (300 to 80 ° for a= 0.001). Furthermore, Ax increases monotonically~max
with the irregularity intensity as seen in Figs. (a),(4b) and (4c) for 0 =59

o

680, and 78' corresponding, respectively, to the magnetic dip angles at Arecibo,

Boulder, and Troms . While a near linear lependence is found in the 0 = 50' and
S/ 1 0

680 cases, Ax starts to approach a maxinnri at a= 0.02 for 0 = 780. The de-
max 0pendence of spread F on the scale length X1 of irregularities has been xamined

for" 0 = 50 ° and a= 0.05. The result shown in Fig. 5 indicates that spread F0

appears only when I > 106 M. The reflection height spread remains a fairly

constant value from 106m to about 500m. This value then increases monotonica-.ly

by 35% at X1 = I km which is the largest scale length employed in the analyscs.

Our model shows that spread F is quite insensitie to the magnetic dip angle.

As long as the irregularity with the polarization within the meridian plane exists,

significant spread F should be observed over a wido range of latitude including

Arecibo, Boulder, and even Troms . In other words, the appearance of spread F

should not depend upon the locations of the jonosondes.' We, therefore, conclude

that spread F echoes on the ionograms are caused by the irregularities with

polarization directions within the merldian plane and the scale lengths greater

than about 100m. By contrast, Irregularities with polarization directionn per-

pendicular to the meridian plane do not give rise to spread F echoes.

-



Thc differe'nt occurrence frequencles of arti ficila] spread F noticed at

- Arecibo, Boulder, id( Troms arc most probably clue to the excitat-ion of differ-

ent typ~es of irregularities. The o made and] x mode pump w-aves transwmitted from

the Boulder heating fac1lities cannot be separated as easily as those from 11 :-.

Arecibo or the TromnisV facilities. This fact can be evidenced by the mcasuremecnts

*of IIF wave-induced short-scale irreg Ularities at Boulder [Fialer, -1974] show-.ing

that x mode carn still excite short-scale irregularities though not as efficiently

ais o mode w-.ave. The heater wave (either o mode or x mode) induced Irregularieis

at Troms ar-e expected to be oriented in the directions perpendicular to the

weridian plane. This; may explain why spread F has never been observed since the

Troms facilities were operated a few years ago. We note that when the Ileater

is operated in o mode at Arecibo, no spread F or change of reflection heighIntsr

* can be seen [L.M. Duncan, private communication, 1984]. This agrees with the

theoretical prediction of the generation of larte-scale irregularities by the

filamentation instability [Kuo and] Schmidt, 1913]1 and supports the proposed model

of spread F mechanism.

ACKNOWLEDC I'lH NTS

This work was supported jointly in part by the NSF Grant ATM-8315322

and in part by the AFOS11, Grant No. AFOSR--83-000l at Polytechnic Institute of

New York and by AMCL Contract F].9628-83-K-0024 at Regis College Research Center.

REFERENCES

Fialer, P.A. (1974), Field-Aligned Scatter.ing from a hlnated Region of tle
Ionosphere -. Observation at HF and VHF, Fachjo Sci., 9, 923-940.

Kimo, S.P. and G.Schinidt (1983), Filamentation Irstability in Magneto PJlasmqas,
Phys. Fluids 26, 2529-2536.

Showon, R.*L. and] D.M. Kimi (1978), Time Variations or- lP-Induced Plasma Waves,
* J. Geophys. Res. 83, 623-628.

* ~Stuibhe, P. , 11. Kopkza, It. Lauche, M.r. Rietveld, A. * rekke, 0. Holt, 'V. B Jones,
T. Robinson, A. Hedberg, B. TJhidc, M4. Crochet and 1.-1. Lotz (1982),

* ITonosplicric Modi fication Experiments In NorthIern Scandinavia, J. Atmos. Terr.
Phys. 44, 1025-1041.

Utlaut, W.F. (1973), A Survey of Ionospheric Modification E1ffecti; Produced by
higuh-Power IIE Radlio 1laves, ACARI Coif.* 11roc.*,18 --- 6

'DC186---6



FJgure Captions:

Fig. 1 -Coordinates used in the analysis.

Fig. 2 -Example of the appropriate trajectories of the rays detcctable
to thc ionosondo. The parameters used in the calculation are
0 =500 )L=5km, A1 =1(111, kOc 2 /w - 3 and 6n/o=0.1.

Fig. 3 -The functional dependence of the reflection height spread A-cx
of a diagnostic beam on the magnetic dip angle 0 0for 6n 1n /1

(a) 0.005, (b) 0.01, (c) 0.05, and (d) 0.1.

Fig. 4 -Ax vs a for 0 =(a) 500, (b) 680, and (c) 780% where a 6n /nmax o01 0.

Fig. 5 -The dependence of the spread 1F gn Vii? scale length X of the irregular-

ity, where 0 50* and a= 0.05.
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Abstract

Ionospheric disturbances evidenced as fluctuations in plasma

density and geomagnetic field can be caused by powerful radio waves

with a broad frequency band ranging from a few KHz to several GHz.

The filamentation instability of radio waves can produce both large-

scale plasma density fluctuations and large-scale geomagnetic field

fluctuations simultaneously. The excitation of this instability is

examined in the VLF wave injection experiments, the envisioned MF

ionospheric heating experiments, the HF ionospheric heating experi-

ments and the conceptualized Solar Power Satellite project. Signi-

ficant geomagnetic field fluctuations can be excited in all of the

cases investigated. Particle precipitation and airglow enhance-

ment are expected to be the concomitant ionospheric effects associat-

ed with the wave-induced geomagnetic field fluctuations.

S.
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I. Introduction

Manifest ionospheric disturbances can be produced by powerful

HF radio waves such as fluctuations in ionospheric density, plasma

temperature, and the earth's magnetic field [see e.g., Gurevich,

1978; Fejer, 1979; Stubbe et al., 1982; Lee and Kuo, 1983 a 1. In

this paper, we discuss the excitation of ionospheric density ir-

regularities and geomagnetic field fluctuations. The interesting

finding in our theoretical analyses is that the geomagnetic field

fluctuations may be excited simultaneously with large-scale field-

aligned ionospheric irregularities by radio waves via the filamen-

tation instability. The frequencies of radio waves may be as low

as in the VLF band and as high as in the SHF band.

Unexpectedly large perturbations in the earth's magnetic field

(-,10. 8y) were observed in the Troms* HF ionospheric heating exper-

iments [Stubbe and Kopka, 1981; Kuo and Lee, 1983]. Transmitters

operated at frequencies close to but less than the local electron

gyrofrequency are expected to cause both plasma density irregularities

and geomagnetic field fluctuations in the ionosphere if MF signals

are transmitted, or in the magnetosphere if VLF signals are injected,

instead [Lee and Kuo, 1984 a]. Microwave transmissions at 2.45 GHz

with the conceptualized power density (230 W/m2) from the Solar

Power Satellite (SPS) are also expected to perturb the earth's mag-

netic field significantly in the ionosphere along the beam [Lee and

Kuo, 1984 bj. Our study, therefore, adds an additional effect to
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those that should be assessed as the possible environmental impact

of the SPS program.

The general formulation of the theory is first presented in

Section I. In the subsequent four sections (i.e., Sections III-VI),

we discuss the exc.tation of the filamentation instability in a uni-

form plasma in the VLF wave injection experiments, the envisioned

MF ionospheric heating experiments, the Troms HF ionospheric heating

experiments, and the conceptualized Solar Power Satellite program,

respectively. The conclusions are finally drawn in Section VII with

a brief discussion.

II. Theory

For simplicity, radio waves are assumed to be circularly polari-

zed and propagate along the earth's magnetic field. This is a reason-

able assumption for the VLF wave injection experiments and the Troms

HF ionospheric heating experiments. As for the Solar Power Satellite

case, the geomagnetic field imposes a relatively immaterial effect

on the microwave propagation. If the positive z axis of a rectangu-

lar coordinate system represents the wave propagation direction and

is taken to be parallel to the geomagnetic field, the monochromatic

radio wave with frequency, w, and the wave vector k , can be repre-

A A
sented by E (r,t) - c (x iy) exp[i(ko z - t)] = C.C. where the

.0 0.0

wave field amplitude, c , is assumed to be a constant; the ± signs

designate the right-hand and the left-hand circular polarizations,

respectively.



Since the wave field interacts with the charged-particles, the

plasmas experience a radiation pressure force (i.e., the nonlinear

Lorentz force) and a thermal pressure force. The latter force re-

sults from the collisional dissipation of wave energy in plasmas.

If the wave field is intense enough, a sideband mode (cl) can be

excited together with zero-frequency modes via the filamenta~ion

instability, this is similar to the self-focusing instability of

a radio ulave beam. This high-frequency sideband is a quasi-mode,

satisfying the Fourier transfcrm wave equation

[(k 2 + k - 0 ) 1 -k 2 zz -k2 xx + ik'o (x + zx)] •

=i r 0 +
C2

where c i = ( I Cos kx + z C sin kx) exp ((t) is the wave field

perturbation with the growth rate, y, and the filamentation wave

vector, k = xk; J and J  represent the induced linear and non-

linear electric current densities. While J given by -enV 1 results

from the linear response of electrons to the sideband field (c

J includes two parts, -en V and -e6nVo, that are nonlinear beating

currents caused by the nonlinear coupling between the purely growing

mode (6n and 6B) and the incident wave field (co). The electron

velocity perturbations denoted by V , V1, and V , have the follow-

ing expressions:

S. - " • • i ' .'.' -- i .. - ' -" ' " i - ". ' . i . . . i . i " .. . .. -



e 0 e eV• i [I + za--- ) • + i -- zx ]
M (W 2  2 ) 0jz w0

where j o 1 represent the response of electrons to the incident

wave field (c) and the sideband field (cI) respectively:

V a [V xz + i e V ]6B is the electron velocity
V iC (W2 -2) .O W .0o

0 e

perturbation induced by the V x 6B Lorentz force, where M, 1 . e

and c have their conventional meanings as the electron mass, the

electron gyrofrequency, the electric charge, and the speed of light

• .in vacuum, respectively. Because of the large inertia, the corres-

ponding ion responses have been ignored.

The purely growing mode has the general form of 6P = 6P (cos kx)

,exp (Yt), that is associated with the excitation of both the plasma

density fluctuations (i.e., 6P = 6;) and the geomagnetic field
' - " A

fluctuations (i.e., 6P = z SB). It is the wave induced quasi-DC

current that gives rise to the magnetostatic fluctuations. This

can be seen in the Maxwell equation

(k 2 + a 2  6A n (6V 6V )y 6" i (2)
2 2 C 0e C

.. +i
C at

where 6A is the vector potential defined by VxSA 6B and J = en (
-v , ...y a

* 6V. - 'SVe) is the wave-induced quasi-DC current. The Coulomb
1..I -.ey

gauge V-6A - 0 has been chosen in (2). From (2) and the continuity

equations and the momentum equations for both electrons and ions,

S

0 '"" . .. . i . , -



we obtain

en F 6T eY (-Y + 26j o I + -- - k + kC'
6Jy 9. M k-+ s

n(..-!n) ) (3)
n

and a relation between 6n and 6B, viz.,

6nVe k 2C2 + Y2) 6B
[ + (I + -) ( +-(4)

n0 YW 20pe

where M, Qi' w pe, Cs , V e and v in' are respectively, the ion mass,

the ion gyrofrequency, the electron plasma frequency, the ion

acoustic velocity, the electron-ion collision frequency, and the

ion-neutral collision frequency; 6T is the electron temperaturee

perturbation caused by the collisional dissipation of the radio

pump and the excited sideband; and F is the x component of theex

nonlinear Lorentz force

F =mV(V* • V +V .V*)+iS ,-iko(V*V + V V*) xz_ e -o .W 0 o 0z _ l _

+ V* x [V x (V1 x Z)] -V x [V x(V* xz)])._0 0

It is seen from (3) that the wave-induced quasi-DC current is

primarily caused by the F x B drift motion of the electrons under

the influence of the thermal pressure force, n (;/Ix)6T , and the

nonlinear Loreutz force, n F. The nonlinear Lorentz force termo ex

S
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can be neglected, because its contribution in generating field-

aligned modes turns out to be much smaller than that of the thermal

pressure force by a factor of k2r 2 " for modes with scale lengths
e

(2uk -1 ) less than rr e (2M/m)1 (-15 m in the ionosphere) and by a

factor of (m/M) (-3.4 x 10- 5) otherwise [Kuo et al., 1983; Lee and

Kuo, 1983b]. The electron temperature perturbation (6T ) obtainede

from the electron energy equation is found to be

2 Qe + yToSn6T -2 (5)

where Q 2v r.m(V* • V + V V*) is the wave energy dissipation
e e 0 _0 --0

rate in the electron gas due to the differential Ohmic loss- of the

Incidentwave and the excited sidebandsand y 
= y + 2v (m/M) + v e k

2

e e

V 2 /n2 ', where V is the electron thermal velocity.
-*t e t

Equation (4) shows that the simultaneously excited 6n and 6B are

proportional to each other. In all cases under study v >> y and
e

k C >>y. Therefore, Equation (4) can be reduced to

6n_ V e c2 6___ l+(-7 - ) (kc ) (SB (4')

n Y 2 B
pe

indicating that if (ve/y)(k 2c2/w e) is much less than unity, the

magnetostatic fluctuations (6B/B ) is comparable to the plasma
0

density fluctuations ((n/n ). It is thus expected that significant0

magnetic field fluctuations are associated with the excitation of

large-scale (i.e., small k) modes.

S7
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The physical picture that illustrates the simultaneous ex-

citation of earth's magnetic field fluctuations (6B) and plasma

density irregularities (6n) is outlined in Figure 1. In the high-

frequency wave fields (i.e., c and cl)' electrons but not ions can

be efficiently heated. If the electron temperature perturbations

(6T ) have a spatial variation across the earth's magnetic field

(B 0 ZB ) electrons experience a thermal pressure force, fT= -x
S O
a/3y)(No6Te), as indicated by the dotted arrow along the x axis.

This force causes electron bunching, namely, electron-density ir-

regularities (N). Charge separation thus formed gives rise to

a self-consistent field (6E = x 6E) that is associated with the

excitation of purely growing modes. In the presence of 6E and f

plasmas have the 6E x B and f x B types of drift motion. While" o T 0o

both electrons and ions move together in the 6E x B drift, only
O

electrons drift at the velocity of -f x B /eB2 due to the thermal
-_ o 0

pressure force. The wave-induced quasi-DC electric current (6J =

y 6J) or the vector potential (6A = y6A), caused by the f x B~T -.o

drift, is responsible for the earth's magnetic field perturbations

M(6B Z6B) that orient along the background magnetic field (B =
-0

Z B ) because of 6B = V x 6A.
0 -

The physical process of producing both 6B and 6N is reiterated

with the aid of block diagrams in Figure 2 that displays a positive

feedback loop for the filamentation instability of radio waves.

There are two things to note: (I) since 6N and 6J (then 6B) are

60
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induced in proportion byfTi one can expect that 6B 6N whose full

expression given by (4) is indeed found in the formulation; (II)

6n caused by the spatially varying 6T reinforces the nonuniforme

electron heating that yields 6T in turn.e

The coupled mode equation for the purely growing mode that can

be obtained from (2) and (3) with the aid of (5) has the expression

of

V( Y 2C 2) [ +.6 = 87re ck -- D -. . ..

{(y2 + k2c2)[i + Mk (1 + --) f + W2 fl6B-- Q
14 pe Bmg xe(6ey (6)

where f (Yv. + k2c2 + 2 yk2V2/3y); n Y + Vin and V are
in s iin Pi s

the ion plasma frequency and the ion thermal velocity. Substituting

(4') into (6) and eliminating 6n from (1) and (6) yields the dis-

persion re.ation

k2C2(y + -f) + yWI.f
M e pi

W eC2 +k 22 W
2( -) ( P (m-) H( 1 ) + Y 5

W c - - 4 e 2
e o ~ e e e

pe

4 (4 (q p. q.)5 ( e - t - )  - ](7)
y (I + P+ pzq+ )

o 0 pe o e
wherev + e; ( p . )( 2 W 2  - k2c 2) (8a)

o e 0 pe



AlI

k2c 2 (U2 _ P2)
and q± = e (8b)

- 2

o e pe

p+(p_) and q+(q_) correspond to the right - (left-) hand circularly

polarized wave. The threshold field (cth) of the instability is

determined from (7) by taking y 0, namely,

ect (w f )a k2V2(2 12o + #)1+p-pq)

leth 12 0.75 (W0 Ff2e kt (2M+-d= (I+p N+
mc2 (4 -q+- p+q+)

0 pe -

(9)

It should be stressed that the filamentation instability has

been so far formulated for a uniform plasma. The uniform-medium

-theory is considered to be adequate for the instability with scale

lengths much less than the scale size of the plasma density gradient.

The present form of our theory is applicable to all cases under

consideration except the Solar Power Satellite Program (SPS). The

theory is modified by including the parallel heat conduction loss

that cannot be ignored in the SPS case wherein the microwave beam

with a linear dimension of 10 Km in the ionosphere does not propa-

gate along the earth's magnetic field. The c*,aracteristics of the

filamentation instability are examined as follows for cases in

different wave frequency regimes of the incident radio waves.

I1. VLF WAVE INJECTION EXPERIMENTS

The VLF signals transmitted from the Siple Station were ob-

".... ........ ........ ""*" I
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served to change from linear to circular polarization (i.e.,

whistler modes) on their paths through the neutral atmosphere and

into the iorosphere (Kintner et al., 1983]. These whistler waves

are assumed to satisfy the cold plasma dispersion relation

-2 k 2 c 2

pe 0
II- o

0 0 e
0

in the wave propagation regime: .1 < 0 < IV e Since the posi-

tive z axis represents the wave propagation direction and has been

taken to be parallel to the geomagnetic field, fl > (<) 0 for the
e

right- (left-) hand circularly polarized wave and thus

.**=~ p =) 0 (t2 - 2 -( WIe) / - (2 2e k2c - .
- o (o e) (WO In e 0 "" kpe

and q+ q = k2c2(W2 - ') / Ie pe for a whistler mode.

In the upper atmosphere, the electron plasma frequency is much

greater than the electron cyclotron frequency, viz., w 2  >> 02 > W2.
Therefore, p o -W pe e -1 0 ( 2e + k2c2 ) < 0 and q - 2C2(

2 _ W2)/W IV 1We2  < 0. Since p q has a value less than 2, the
e a a e pe

" factor (4 - q - p q) in (9) is positive.

w w k2c2(Ill .o
Spe e 1 .

•([V -U ) (W2  + k2c2) (W2  + k c2) IVeI
e 0 pe pe leI(10)

.. (lO)

, .- :, -. , ... -. ".. ...... ...... .. ,.. * .- *. . ... *.----.. - *
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For the excitation of large-scale modes (i.e., w >> k2c2 ). thepe

above inequality leads to > IneI /2. In other words, the fila-

mentation instability of whistler waves that generate both plasma

density fluctuations and geomagnetic field fluctuations can only

excite within the narrow frequency range:

>W > II12 1/)

Since in1 e1.4 MHz in the ionosphere (e.g., the F region) and I el"

13.65 MHz in the magnetosphere at L - 4.0, the condition for the-in-.-

stability shown in (11) leads to the following conclusions. The

.frequencies of VLF signals that are injected in the active VLF wave

experiments typically range from a few K~z to a few tens of KRz (K

30 KHz). These signals are not expected to cause ionospheric dis-

turbances via the filamentation instability. But those with fre-

quencies larger than 6.83 KHz but less than 13.65 KHz can excite

the instability in the magnetosphere at L = 4.0. It is predicted

from (11) that ionospheric disturbances caused by the filamentation

instability of whistler waves are possible if the wave frequencies

are less than Ie 1l.4 MHz but greater than 10e1/2-0.7 MHz, namely,er e

whistler waves in the MF band can cause large-scale ionospheric

density irregularities and geomagnetic field fluctuations in the

ionosphere. Quantitative analyses of these two cases are illustrated

as follows.

The relevant magnetospheric parameters used in this work include

In 1/2-n 13.65 K11z (i.e., B 500 y), w /2i 179 KHz, T 0 0.4
e o peo
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ev, and M(H+)/m 1 1840. If the VLF wave frequency is 10.9 KHz,

i.e., wo/Je - 0.8, the threshold field (cth) calculated from (9)

are e.g., 12PV/m and 2VV/m for the excitation of modes with scale

lengths of 10 Km and 100 Km, respectively. These threshold fields

can be exceeded by the injected VLF waves from the Siple station

even in the "non-ducted" whistler propagation mode. The growth

rates of the instability expressed in terms of the threshold field

is obtained from (7) as

k c 2 (y + f) + yW2pf
Me p

kV2(2 m 2 t 2 - J 0 12 [ e
n2 0e 1 (w- ISI1) Cth

V1 2c2 (i) Ve c y e

W2 el
pe

This equation can easily be solved for y under the following

assumptions: ve >> y, k c s >> Y Vins and m/M >> k2V2/2t e that can

be confirmed. For large scale-modes, w2 >> k2c2 (i.e., X > 1.7 Km),pe

the growth rate is found to have the following expression y,.(2vekVs /

ne1) (Co/C th)- This growth rate turns out to be independent of the

scale lengths because as shown in (9): cth " k. Although the threshold

of the instability can be exceeded by the "non-ducted" whistler mode

in the magnetosphere at L = 4.0, the growth rate is rather small

( 0- Hz ) if C /Ct '0 (1) because of the small electron-ion*z 0th

collision frequency <-0.1 Hz). However, the c o/cth of the "ducted"

whistler mode may be increased by two to three orders of magnitude

I
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though only 20% of the injected VLF waves are found to propagate in

the "ducted" whistler mode [Carpenter and Miller, 1976]. The

growth rate of ducted whistler waves can be as high as (10- ' - 10- 2)

Hz, namely, the instability can be excited by the ducted mode with-

in a few minutes.

For modes with scale lengths > 10 Km, (6n/n )=(6B/B ) from (4').' 0

Presumably, a few percents of magnetospheric density fluctuations

are able to be generated. Then, a few percents of geomagnetic field

fluctuations in the magnetosphere at L = 4.0 is of the order of 10 y

(c.f. the background magnetic field -500 y), that may significantly

affect the orbits of charged particles. The scintillations of the

Siple signals received at Roberval, Canada [Inan et al., 1977], may

be attributable to the excitation of large-scale plasma density

fluctuations in the magnetosphere by the injected VLF waves via

the filamentation instability.

IV. ENVISIONED MF IONOSPHERIC HEATING EXPERIMENTS

The ionospheric heating facilities located at, for example,

Arecibo (Puerto Rico), Boulder (Colorado), and Troms (Norway)

are currently operated at lowest frequencies on the order of 3 MHz.

The transmisssion of signals at frequencies close to the electron

gyrofrequency (f 1.4 MHz) would require a major antenna and trans-

mitter change. In our "envisioned" MF ionospheric heating experi-

ments, we adopt the typical ionospheric parameters: t0 1/2n - 1.4t e

MHz (i.e., B= 5 x 10'y), w /2v=6 MHz, and M(O+)/ m = 16 x 1840.o ' pe

0
-', . -. .1 2 2 : - ,2 - i . - :" ; .. : ,.- : : : i . . i:.- :-.: " i : . . . ..i : : : , - :-: : " ; ;
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The threshold fields of the instability excited by the incident

HF wave at 1.12 MHz (i.e., w /l2e 0.8) are found from (9) to be

6 mV/m and 0.4 mV/m for the excitation of modes with scale lengths

of 100 m and 1 Km, respectively. If we assume that c = 0.3 V/m,0

the growth rate of the instability for large-scale modes (i.e.,

S2 >> k2c2 or X >> 50 m) is about 1 Hz. Under the illumination
pe

of powerful MF radio waves, large-scale ionospheric disturbances

can be produced in seconds.

It is obtained from (4) that (6n/no) 2.3 (6B/B o ) (e.g., X
00

1 Km) for modes with X >> 50 m. The excitation of a few percents

of ionospheric.density fluctuations are accompanied by the con-

comitant excitation of geomagnetic field fluctuations of the order

of 500 y, that is comparable to the perturbation in a severe

magnetospheric (sub)storm.

V. HF IONOSPHERIC HEATING EXPERIMENTS

The HF radio waves transmitted in ionospheric heating (or modifi-

cation) experiments have frequencies greater than the electron

gyrofrequency (w2 >> 2) but less than FOF2 in the ionosphere.

Ordinary (0) or extraordinary (X) modes have been employed. At the

Troms facilities, these modes can be represented by two circularly

polarized waves propagating along the geomagnetic field. Since

the wave propagation direction is antiparal]el to the geometric

field, the X and 0 modes correspond to a left-hand and a ri ht-hand

circularly polarized wave, respectively, and satisfy the dispersion

relations:
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2 k221 pe = c (12)

(W- I !T 2
00o+ e

0

where the + signs denote the left- and right-hand circularly polar-

ized waves, respectively.

Near the reflection heights of these pump waves (i.e., k - 0),
20

it is from (12) that w2  -W (W ; II 1). in this case, p+ given

by (8a) approximately vanish and q+--; k2c 2 (Wo ± .Ifle)/W2I e1from

(8b). Expression (9) then reduces to

k22

le0th ( (2 es) 2  + t )

'mc 12 = 0.75 e k Vt ( -
2  (13)

S2 (4 -q) e
0

where q, (q_) is for the right- (left-) hand circularly polarized

wave. While the factor, 4- q+), is positive, a positive (4 - q_)

requires that q < 4, viz.,

A> (TOW OWW, + 1eeD/Ige] (14)

that can thus ensure the positive RHS of (13). If we take 1Qe/

2w = 1.4 MHz, Vt = 1.3 x 105 m/sec, M(O+)/m = 16 x 1840, w0 /21

4.04 1Hz, the scale lengths of the modes that are excited by the X

mode cannot be less than 70 meters according to (14). By contrast

no minimum scale length is found in the case of 0 mode heating.

The thresho]d feilds of kilometer-scale instability excited by

either X or 0 mode are a few mV/m calculated from (13) that are
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quite small compared with the incident power densities (-1 V/m)

of the Tromos signals. Although the growth rate of the instability

is generally a function of scale lengths, it has an asymptotic

value found to be

10 Ve(21Co I'

2.5 x 10 V 3.4 x 102 Hz for x - mode heatingf?2.(W o -a ]

C) e

s 3.0 x 10H2 z for 0 - mode heating

when the scale lengths exceed a few hundreds of meters. It thus

takes a few minutes for the instability to be excited in agreement

with the observations that HF wave-induced geomagnetic field fluc-

tuations needs a few minutes for development (Stubbe and Kopka, 1981).

Substituting v = 500 Hz, y - 3.4 x 10- 2 Hz, X = 1 Km, w /2pe = 3.4e = Wpe

MHz and B 5 x 104 y into (4'), we have 6B = 4.4 x 102 (6n/n) =
0 o

(4.4 - 44) y for (6n/no) 0 (1-10)% also in agreement with the

Stubbe and Kopka's experiments.

VI. CONCEPTUALIZED SOLAR POWER SATELLITE (SPS) PROJECT

The conversion of solar energy into microwaves on a geostation-

ary satellite is the basic idea behind the conceptualized Solar

Power Satellite (SPS) project [Glaser, 1977]. The microwave energy

would be transmitted from the satellite toward the earth at a fre-

quency of 2.45 Glz, that is much greater than the electron gyro-

p."

. . . . . .. .
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frequency (10 1). The cross section of the microwave beam has beene

estimated to have a linear dimension of 10 Km in the ionosphere, and

the incident power density at the center of the beam would be as

high as 230 W/m2 (i.e., the wave field intensity is about 640 V/m).

The formulation outlined above for the excitation of both plasma

density fluctuations and geomagnetic field fluctuations can be also

applied to the case of SPS project after some modifications. First

of all, the microwave beam does not propagate along the geomagnetic

field, rather, with a propagation angle of, say, 45* with respect

to the geomagnetic field. The inhomogeneity effect imposed by

. the microwave beam, i.e., the heat conduction along the geomagnetic

field cannot be neglected in this case. Therefore, the parallel

scale length (X1 ) has a given value of L/cosO 10 Km/cos45*- 14 Km,

where L and e are the beam size and the beam wave propagation angle,

respectively. The polarization of the microwave is assumed to be

within a meridian plane (i.e., the assumption of an ordinary mode)

for efficiently exciting the field-aligned modes. Hence, the geo-

magnetic field perturbations (6B) are still in the direction of the

background earth's magnetic field.

With the inclusion of a non-zero parallel wave number (k 27/

A), (4') is modified as follows:

6n V 2TC 2(+ _ e - ) 21 + ( ) (15)
).we in 11l 0

S: : - ...-. : . ... . - . . ,
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where'A and Xll are the perpendicular and the parallel scale lengths

of the filamentation instability. Since the finite parallel wave

number (k11 ) gives rise to a heat conduction loss along the earth's

magnetic field, it introduces a new term in (9) for the threshold

k2V2/ 2 + k 2 /z
condition of the instability. The three terms in (9), 2m/M + k 2t e . R 2t /

V , correspond to the collisional damping of the heat source, the

cross-field heat conduction loss, and the parallel heat conduction

loss, respectively. The effect of ionospheric refringence on micro-

wave propagation is relatively immaterial because the microwave fre-

quency (w0/2w = 2.45 GHz) is greater than the electron gyrofrequency

(P /2r-1.4 MHz) by three orders of magnitude. We then have p -le

from (8a) and q+ from (8b). The threshold field given by (9)

thus reduces to

C k2V2  k2 V2e th 0 m Io I t )171mth It-0.6 . k tV t + 2t + 2 t (16)

pe e e

If the newly added factor in (15) is much greater than unity,

viz., (P P M/Vi)(X /XI1 )2 >> 1, then the product of (ve/Y)(2rc/,1

W )2 and (P? i/V V )( kIA )2 can greatly exceed unity and conse-
pe e i em in II

quently, the geomagnetic field fluctuations may become insignifi-

cant. This situation occurs in the ionospheric F region where e v.

* (--250) is rather small compared with 0? f2.(-2.6 x .1.09). A detailedeil

calculation shows that 6B/B -6.0 x 10
- 7 (6n/n ), namely, 6B-.3.0 x

0 o

lO- gammas for 6n/n °  10% (c.f. the background geomagnetic field,

• . , . .' - ... " . : .. . . . . . ... . . . .." "."
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B 5 x I0 gammas) that is neglibibly small. This result indicates
0

that the large heat conduction loss along the geomagnetic field in-

hibits the filamentation instability from producing significant geo-

magnetic field perturbations in the F region.

However, the condition for the instability is quite different in

the E region whose relevant parameters are taken to be M(NO )/m = 30 X

1840, V = 4.0 x 04 m/sec (i.e., T e 200 K), w /27r-3.0 MHz, v int e pe i

1.0 x 103 lz and ven = 1.0 x l04 Hz. The factor, (e2 i/ve vin)(/

X 1.)2, is, for instance, 0.11 for X, W 500 m and 11.0 for X1 = 5 Km.

The parallel heat conduction loss k 2  . /v2 , 3.8 x 10- 8, is greater
It e

than the cross-field heat conduction loss, k 2V2 /p2 ,3.3 x 10- 9(for
I t e

X, = 500 m) but very much less than the collisional damping of the

heat source represented by 2m/M-3.6 x 10- 5. These calculations

show that the parallel heat conduction loss hardly affect the pro-

posed instability with XAj << 1 to operate in the ionospheric E

region.

For the excitation of modes with X >> (2M/m) V t/Pe- 4.7 m,

the threshold field of the instability is mainly determined by the

collisional damping of the heat source, namely, (16) can be approxi-

C
mated as leth/mcInO.6(1w / )k Vt(2m/M) . For instance, the in[0 P

stability with Xl  500 m, 2 K, and 5 Km requires c = 2.5 0.63,i th

and 0.25 V/m, respectively. They are significantly less than the

incident microwave field intensity 640 V/m corresponding to th

envisioned power density of 230 W/m2 at the beam center. If we assume

a uniform power density of 50 W/m2 that is about one fifth of the

. .
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maximum beam intensity, the growth rates calculated from (7) are

0.43 sec - , 0.47 sec -I, and 0.50 sec -and (6B/B )/(6n/n ) from
0 0

(15) are 1.1 x 10
-
3
, 7.2 x I0- 3, and 1.1 x 10- 2 for X, = 500 m, 2 Km.

and 5 Km, respectively.

We note that when the factor, ( S1/V v )( Al )2, is much

greater then unity for kilometer-scale (say, > 5 Km) modes, (6B/Bo)/
0

(6n/n ) reaches a constant value of.(Y in eQi)( l w pe/2n C)2l.2 x

10- 2 . That is, 6B/B 0 is less than 6n/n by about. two orders of.

magnitude in the case of microwave-ionosphere interaction. The

earth's magnetic field can be significantly perturbed by modes with

scale lengths less than the beam size by about one order of magnitude.

For example, 6B = 5.3 and 36.2 gammas for X - 500 m and 2 Km,

respectively, assuming that 6n/n 0 10%. They are comparable to the
0

intensities (typically tens of gammas) of geomagnetic field fluctua-

tions during magnetospheric substorms. Such large geomagnetic field

fluctuations are expected to significantly perturb the orbits of

charged particles and, consequently, to cause particle precipitation

and airglow effects. These ionospheric effects introduced by the

powerful microwave beams should be taken into account in the evalua-

tion of environmental impacts of the conceptualized Solar Power

Satellite program.

VIII. CONCLUSION AND DISCUSSION

Ionospheric and magnetospheric disturbances evidenced as

": ., ., . U . . -§
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fluctuations in plasma desnity and geomagnetic field can be

generated by powerful radio waves with frequencies as low as a few

KHz and as high as several GHz. Depending on the incident power

density of radio waves, ionospheric (or magnetospheric) plasma

density irregularities and geomagnetic field fluctuations can be

excited simultaneously by the filamentation instability of radio

waves within a few seconds or minutes. This instability typically

has kilometric scale lengths in the ionosphere and tens of kilometric

scale lengths in the magnetosphere.

Radio waves with frequencies less than the electron gyrofrequency

may propagate in a whistler mode. The excitation of the filamentation

instability is only possible for those with frequencies greater than

half the local electron gyrofrequency. This criterion for the in-

stability leads to the conclusions that the injected VLF signals can

produce magnetospheric rather than ionospehric disturbances. It is,

however, predicted that ionospheric disturbances can be induced by

MF signals whose frequencies are less than 1.4 NHz but larger than

0.7 MHz.

In the HF ionospheric heating experiments (w2 >> P2) , both the

ordinary and the extraordinary modes have been used. The scale

lengths of the instability are found to have a cut-off in the case

of extraordinary wave heating. The microwave beams that are trans-

mitted from the conceptualized Solar Power Satellite to the sur-

face of the earth are also expected to cause large ionospheric

16
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disturbances in their ordinary mode propagation. The geomagnetic

field fluctuations caused by the filamentation .instability of radio

waves are very significant in all the cases discussed in this paper.

Their magnitudes may even become comparable to those seen in the

magnetospheric (sub)storms. It is expected that such perturbations

can affect the orbits of charged particles and cause particle pre-

cipitation and airglow effects.

The earth's magnetic field perturbations caused by-powerful

microwaves via the filamentation instability is-a transient phenome-

non. This fact can be seen from (4') that requires 6B/B O  0 when

y = 0 for the equilibrium condition either before the onset or after

the saturation of the instability. During the linear stage, of this

instability (i.e., y - a positive constant), 6B/B and 6n/n are re-

lated by (4') and significant geomagnetic field fluctuations can be

produced. The duration of this transient phenomenon may be roughly

defined as the period for achieving the seven e-folds of magnitude

above the thermal fluctuation level, viz., 7y'. Then, it is either

a few minutes or a few tens of minutes in all cases concerned.

It is interesting to note from (9) that the threshold field of

the instability is inversely proportional to the electron plasma

frequency. Therefore, ionospheric disturbances excited by radio

waves should be most noticeable in the high plasma density en-

vironment. Finally, it should be pointed out that the non-

linearity for the mode coupling is dominantly provided by the

-S.

6!
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thermal pressure force due to the collisional dissipation of both

the pump wave field and the excited high-frequency sideband field

in the electron gas. To emphasize this outstanding feature, the

instability may be adequately termed the thermal filamentation

instability of radio waves.
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Figure Captions

Figure 1. The physical process leading to the simultaneous

excitation of earth's magnetic field perturbations

(6B) and plasma density irregularities (6n) by the

filamentation instability of powerful radio waves.

I

Figure 2. A positive feedback loop for the filamentation

instability.
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